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Mechanical properties of responsive polymer hydrogels 
 
Abstract 
Hydrogels based on crosslinked polymer networks provide mechanical strength to the human body. For 
different applications of both biological and synthetic hydrogels, such as tissue engineering or soft 
robotics, the mechanical stiffness of the gels has been identified as one of the key parameters. Nature 
uses two distinct approaches to control the mechanical stiffness of cells and tissues. The first approach 
involves changes in the crosslinked polymer network structure, which alters the gel architecture and, 
with that, the mechanical properties of the hydrogel. The second approach is strain stiffening, which 
causes an increase in hydrogel stiffness in response to an applied stress or deformation and does not 
require permanent changes in the polymer network structure. This combined mechanism has proven 
challenging to copy in synthetic materials. In this chapter, several approaches to manipulate the 
mechanical properties of artificial hydrogels are discussed. We first give an overview of mechanisms 
that have been developed to change the architecture of hydrogels in response to different stimuli and 
discuss the effect of these changes on hydrogel mechanics. Next, we discuss examples of strain 
stiffening hydrogels and the design parameters for developing artificial hydrogels with strain stiffening 
properties. 
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1.1 General introduction 
Hydrogels play a role in a range of widely different areas in our daily lives. They are for example present 
in our food, in cosmetics and in contact lenses. In addition, hydrogels are an important component of 
our own human body, where they provide mechanical strength to cells and tissues. Both the intracellular 
cytoskeleton and extracellular matrix surrounding our cells consist of biopolymers that aggregate into 
hydrogel-forming networks.1, 2 Besides providing mechanical strength, these biopolymer networks also 
aid in the communication between cells and their environment, which is crucial for many different 
cellular processes such as cell adhesion, differentiation, proliferation and migration.3-7 
In recent years, researchers have developed a very large number of different hydrogels, based on both 
natural and synthetic polymers. These hydrogels are generally prepared through crosslinking 
hydrophilic polymers to form an insoluble polymer network (Figure 1.1a). The polymers can be 
crosslinked either covalently or physically. Hydrogels with covalent crosslinks typically have a higher 
mechanical stiffness, but they often appear brittle upon applying small deformations and lack self-
healing properties after breaking.8 On the other hand, physically crosslinked hydrogels are generally less 
stiff, but can withstand larger deformations and can also possess self-healing properties.9 
Because of their high water content and dimensional stability, hydrogels are an appealing class of 
materials for different biomedical applications such as tissue engineering10, 11 or drug delivery.12 For 
such biomedical applications, the mechanical properties of hydrogels have been identified to play a key 
role.13-15 More specifically, it was for example shown that the differentiation of stem cells is dependent 
on the mechanical stiffness of a polyacrylamide hydrogel substrate, where soft polyacrylamide 
hydrogels promote neurogenic differentiation and stiff polyacrylamide hydrogels promote osteogenic 
differentiation.16 Furthermore, cell spreading and migration are enhanced on stiff substrates compared 
to softer surfaces.17-19 More recently, however, it was demonstrated that cells on very soft hydrogel 
substrates with stress-responsive mechanical properties can also show enhanced spreading and 
osteogenic differentiation, similar to cells cultured on much stiffer substrates.20, 21 
Because of the similarity of their mechanical properties to natural tissues, hydrogels are also ideal 
materials for application in soft robotics, which can for example be used to handle fragile objects or to 
move across irregular terrain.22 The development of such often bio-inspired materials has recently 
received increasing attention.23 Responsive hydrogels are of special interest because of their ability to 
transduce various environmental stimuli into mechanical motion without the use of external mechanical 
actuation,24 for example gels that respond to light,25 temperature,26 electric fields,24 salts,27 or pH 
changes28 have been reported. In all these examples, the hydrogels used, need sufficient mechanical 
stiffness and responsive mechanical properties in order to apply forces that are large enough to perform 
specific tasks. 
Taking our inspiration from Nature with highly advanced responsive tools, we find that two distinct 
mechanisms are acting simultaneously: one is relatively slow and involves the polymerisation and 
depolymerisation of fibres and their (peptide) crosslinks. This changes the architecture of the gel and 
correspondingly its mechanical properties. The second approach is strain stiffening, a phenomenon 
where the stiffness of a gel increases under strain (strain-responsive) or stress. This effect is 
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instantaneous and does not involve permanent structural changes in the material. As a result, it is fully 
reversible and the original mechanical properties are restored as soon as the load is removed. For 
synthetic hydrogels (or even for reconstituted biopolymer gels) this level of control is far from being 
realized in the near future. Several approaches, however have been developed to manipulate the 
mechanical properties of hydrogels in situ. Many of them follow the same mechanism, comparable to 
Nature’s first approach: in response to an appropriate stimulus, the hydrogel stiffness is either increased 
or decreased by a change in the gel’s architecture.13, 29 After briefly introducing the important 
characteristics of hydrogel mechanics, this chapter first overviews a number of different approaches that 
changes the network architecture and then discusses in more detail the requirements of the strain 
stiffening approach. 
 
1.2 Mechanical stiffness of hydrogels 
In its simplest form, a hydrogel is a crosslinked network of polymer chains that is able to capture a large 
amount of water in its pores. The stiffness of such hydrogels represents how easily the material can be 
deformed by an externally applied force. For an elastic hydrogel, the stiffness is quantified by the elastic 
or storage modulus G′, which is a measure of the strain when a stress is applied to the material and can 
be obtained from rheology measurements. For a network model of flexible polymers with tetrafunctional 
crosslinks, Flory developed a relationship between the macroscopically measured stiffness and the 
structure of the polymer network on the microscopic level:30-32 
 
cM
cRTG ='                  (1.1) 
 
where c is the polymer concentration, R is the gas constant, T is the absolute temperature and Mc is the 
molar mass of the molecules between two crosslinks, which is related to the pore size of the gel and thus 
its architecture. This relationship indicates that the stiffness of a hydrogel can be increased either by 
increasing the polymer concentration or by decreasing the distance between two crosslinks in the 
polymer network (increasing the crosslink density), as has for example been shown for polyacrylamide 
hydrogels.33 This approach to make stiffer hydrogels, however, also changes the microstructure of the 
resulting polymer network (Figure 1.1a), leading to hydrogels with smaller pore sizes. For tissue 
engineering applications, transportation of molecules through the network is an important factor, which 
makes hydrogels with small pore sizes not suitable as 3D matrix materials.34 
A different approach to manipulate the stiffness of hydrogels is to combine two polymer networks into 
a so-called interpenetrating or double-network hydrogel (Figure 1.1b). Such composites of biopolymers 
are increasingly applied in tissue engineering,10, 11 for instance collagen-alginate composites35, 36 
amongst many others, although surprisingly little is known on how the mechanical properties are 
affected by the composite nature of the network and the effect of interactions between the network 
components.37-39 Smart engineering of these double networks (swelling the first network, followed by 
polymerisation of a densely crosslinked second network in the pores) can give rise to exceptional 
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mechanical properties.40-42 The elastic modulus of such gels can reach values in the range of MPa’s, 
which is much higher than the stiffness of the individual components added up.43 In addition, such 
double-network hydrogels also possess a high toughness since they can withstand very large 
deformations without breaking. 
Besides combining two polymer networks, hydrogels with improved mechanical properties can also be 
obtained by mixing the polymers with nanoparticles (Figure 1.1c). Composites with inorganic clay 
nanosheets for example, have been shown to result in gels with a high mechanical stiffness and 
toughness.44, 45 Furthermore, the combination of clay nanosheets with a dendritic or linear 
macromolecular binder not only results in gels with a high stiffness but also in gels which completely 
self-heal when damaged.46, 47 In a recent example, polyacrylamide chains crosslinked by magnetically 
aligned metal-oxide nanosheets were shown to form hydrogels with uniquely anisotropic mechanical 
properties.48 The design and application of such nanoparticle-hydrogel composites were reviewed 
recently.49 
 
 
Figure 1.1. Different approaches to increase the mechanical stiffness of polymer network hydrogels. (a) Schematic 
representation of a hydrogel. The stiffness of the gel can be tuned by varying the concentration of the polymers 
(blue lines) or the density of the crosslinks (blue dots). (b) Schematic representation of a double-network hydrogel. 
(c) Schematic representation of a nanoparticle-hydrogel composite material. 
 
In self-assembling hydrogels and in hydrogels that have dynamic, non-covalent crosslinks, the 
mechanical properties are not constant in time. Stress in the sample reduces with a specific relaxation 
time as a result of the dynamic nature of the gel. Rather than fully elastic, these hydrogels should be 
considered viscoelastic and the time scale of the experiment should be referenced to the relaxation rate 
of the hydrogel. These viscoelastic properties form the basis of the healing mechanism in self-healing 
gels. In addition, many of the biological gels, including strain stiffening gels show viscoelastic behaviour 
with wildly varying relaxation rates. Recent work suggests that also this relaxation behaviour may be 
an important factor that determines cell fate.50 In the remainder of this chapter, however, we only 
consider elastic hydrogels with a time-independent storage modulus G′ and viscous loss modulus G′′. In 
the following paragraphs we will discuss a number of frequently used approaches to manipulate the 
mechanical properties of hydrogels using different external stimuli. 
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1.3 Cell-responsive hydrogels 
An important characteristic of the natural extracellular matrix is that it is locally degradable by cells 
under the influence of proteases presented by these cells. Hubbell and co-workers incorporated such 
cell-degradable properties in synthetic hydrogels by crosslinking multi-arm poly(ethylene glycol) (PEG) 
chains with peptides that are sensitive to degradation by cell-produced matrix metalloproteinases.51-54 
The cell-responsive hydrogels are formed by functionalizing multi-armed PEG with cell adhesion 
peptides (Figure 1.2, step 1) and subsequently crosslinking these PEG chains with protease-cleavable 
peptides (Figure 1.2, step 2).51 The resulting storage modulus G′ of the hydrogels increases with 
decreasing the length of the PEG chains, increasing the functionality of the multi-armed PEG chains 
and with optimizing the polymer to crosslinker ratio.55 When the crosslinked gels are exposed to a 
solution of matrix metalloproteinases, the crosslinking and gelation process is reversed and the network 
dissolves as a consequence of cleaving the peptide crosslinks.51 This protease-mediated degradation of 
the network crosslinks also occurs upon the addition of cells (Figure 1.2, step 3), which allows the cells 
to remodel their surrounding network.51, 53 Such synthetic hydrogels that are responsive to cellular 
stimulation can be tuned for specific biomedical applications, such as the repair of tissues or 
differentiation of stem cells.53, 56, 57 
 
 
Figure 1.2. Schematic of the formation of cell-responsive polymer networks. Multi-arm PEG chains are 
functionalized with cell adhesion peptides (step 1) and crosslinked with peptides cleavable by matrix 
metalloproteinases to form a network (step 2). Upon the addition of cells (step 3), the network is locally degraded 
by matrix metalloproteinases through cleavage of the peptide crosslinkers. Copyright WILEY-VCH Verlag GmbH 
& Co. KGaA. Reprinted with permission from reference 51. 
 
Besides hydrogels that are degradable by matrix metalloproteinases, cell-responsive hydrogels based on 
synthetic polymers with peptide sequences responsive to other enzymes such as collagenase or elastase 
have also been synthesized. They can for example be used for the controlled release of proteins upon 
exposure to the appropriate enzyme.58, 59 Furthermore, enzymatically degradable hydrogels can also be 
formed from naturally derived polymers such as hyaluronic acid.60 Also for these gels, the release of 
growth factors can be tuned by controlling the gel degradation. Recently, the biomedical applications of 
such biodegradable hydrogels have been reviewed.61 
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1.4 Photoresponsive hydrogels 
Among the different stimuli that can be used to control the mechanical properties of hydrogels, light is 
particularly interesting because it is a remote stimulus that can easily be controlled both spatially and 
temporally. A photoresponsive hydrogel typically consists of a polymer network with a photochromic 
moiety incorporated. Upon irradiation, the light is absorbed by the dye and then converted to a chemical 
signal through a photoreaction.62 The three most common types of photoreactions are photocleavage, 
photodimerization (or polymerization) and photoisomerization.25 Where photocleavage reactions break 
network crosslinks and reduce the stiffness of hydrogels, photodimerization will increase hydrogel 
stiffness through the formation of extra network crosslinks. Photoisomerization reactions are usually 
reversible and repeatable and can lead to a reversible increase or decrease in hydrogel stiffness. 
The most commonly used photocleavable group to create photodegradable hydrogels is the ortho-
nitrobenzyl group, because of its biocompatibility both before and after degradation.63, 64 This group has 
been used to create photodegradable PEG-based hydrogels, with an elastic modulus that decreases in 
response to light.65, 66 Upon exposure to ultraviolet (UV) light, cleavage reduces the crosslink density of 
the polymer network and the hydrogel degrades completely in about 10 minutes (Figure 1.3a, red 
symbols).65 By switching the light on and off and tuning intensity and wavelength, the hydrogel can be 
degraded in a controlled and stepwise fashion (Figure 1.3a, blue symbols). Incorporation of multiple 
ortho-nitrobenzyl-based dyes with different photocleavage kinetics was used for the selective release of 
cells from such PEG-based hydrogels.67 The photodegradation of PEG hydrogels with ortho-nitrobenzyl 
groups incorporated has also been used to direct the formation of neural networks within these gels.68 
A different photocleavable group that has recently been incorporated into polymeric hydrogels is based 
on bromohydroxycoumarin (Bhc).69 This Bhc group can be cleaved by both UV and near-infrared 
irradiation; both trigger a cascade of cyclization and rearrangement reactions leading to cleavage and 
hydrogel degradation.70 Incorporation of Bhc groups in polyacrylamide hydrogels enables the controlled 
release of proteins and cells from these gels upon irradiation.69 An important advantage of these gels is 
their susceptibility to near-infrared light (650-900 nm), which can penetrate tissues deeply while causing 
minimal damage. Conjugation to a coumarin chromophore also makes ortho-nitrobenzyl groups more 
sensitive towards near-infrared light, which has been employed in the preparation of photoresponsive 
hydrogels.71 
In contrast to these photodegradable hydrogels, other classes of hydrogels have been developed that 
stiffen in response to light through dimerization or polymerization of photoresponsive groups. An 
example of such a hydrogel is based on hyaluronic acid functionalized with methacrylate groups.72 
Hyaluronic acid, a component of the natural extracellular matrix that is involved in many biological 
processes,73 was reacted with methacrylic anhydride and the resulting methacrylates were crosslinked 
in two steps. First, elastic hydrogels were formed by reacting a fraction of the methacrylates with 
dithiothreitol (Figure 1.3b, red line). This hydrogel was then further stiffened by adding a photoinitiator 
and exposing the gels to UV light, which results in free-radical polymerization of the unreacted 
methacrylate groups and an increase in network crosslink density (Figure 1.3b, green line). The final 
stiffness of the hydrogels can be tuned by the amount of dithiothreitol added and the UV light exposure 
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time. The hydrogel stiffness can also be increased in a stepwise fashion through multiple UV exposures. 
These photoresponsive hydrogels were used to probe the response of stem cells to a light-induced 
increase in hydrogel stiffness.72 It was found that the cells respond immediately to the photo-induced 
stiffening by an increase in cell area and traction forces, and that stem cell differentiation can be 
controlled by the timing of the photo-induced stiffening. Using a very similar approach, methacrylate 
functionalized hyaluronic acid hydrogels with stiffness gradients were formed by exposure of the gels 
through a gradient photomask, which leads to gels with a gradient in crosslink density.74 The resulting 
hydrogels exhibit a nearly linear increase in stiffness along the gradient of the photomask, with the 
stiffest part of the hydrogel about three times stiffer than the softest part. 
 
 
Figure 1.3. Mechanical properties of photoresponsive hydrogels. (a) The elastic modulus of PEG-based hydrogels 
with photocleavable groups decreases upon light exposure. Copyright AAAS. Reprinted with permission from 
reference 65. (b) The elastic modulus of hydrogels of methacrylate-functionalized hyaluronic acid crosslinked with 
dithiothreitol strongly increases when the gel is exposed to UV light (shaded area). The increase in stiffness is due 
to photoinitiated radical polymerization of unreacted methacrylate groups, which increases the network crosslink 
density. Copyright Macmillan Publishers Ltd. Reprinted with permission from reference 72. (c) The elastic 
modulus of PEG-based hydrogels with azobenzene-containing crosslinkers is reversibly modulated upon 
photoisomerization of azobenzene. Copyright American Chemical Society. Reprinted with permission 
from reference 75. 
a b 
c 
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Although the previous examples of photoresponsive hydrogels all show a decrease or increase in their 
mechanical stiffness in response to light, the changes in crosslink density and hydrogel stiffness are 
irreversible; once the crosslinks have been introduced or removed, the gel cannot go back into its native 
state. An exception to this are hydrogels with coumarin groups, which have for example been used for 
reversible crosslinking of polyoxazoline-based hydrogels through photodimerization and 
photocleavage.76 The coumarin groups can dimerize and cleave again using alternating wavelengths of 
irradiation, which reversibly crosslinks the network.77 
Another approach to reversibly alter the mechanics of photoresponsive hydrogels is through 
photoisomerization. The most commonly used photoreactive group for this approach is azobenzene, 
which isomerizes from the trans form to the cis form upon UV irradiation, and goes back to the trans 
isomer over time upon removing the UV light or by irradiation with visible light.78 In a recent example, 
azobenzene was incorporated into the crosslinkers of PEG hydrogels in order to reversibly alter the 
stiffness of these gels in response to light.75 These gels are formed by crosslinking multi-armed PEG 
chains with an azobenzene-containing peptide through a Michael-type addition, resulting in elastic 
hydrogels. Upon irradiation with UV light, G′ of these hydrogels is decreased as shown in Figure 1.3c 
(light grey areas).75 After removing the UV light, G′ remains constant, but irradiation with visible light 
increases G′ again (dark grey areas). This process can be repeated over multiple cycles, indicating that 
the photoresponse is reversible. The decrease in the elastic modulus is caused by disruption of hydrogen 
bonds from the PEG network upon photoisomerization of the azobenzene moieties, but the hydrogen 
bonds are restored upon the reverse isomerization by visible light. Although the changes in hydrogel 
stiffness are fully reversible, the relative change in G′ is very small (~3 %) compared to light-responsive 
gels based on photocleavage or photopolymerization. 
Furthermore, azobenzenes have been used in photoresponsive hydrogels in which they reversibly 
associate in supramolecular host-guest complexes with cyclodextrins.79-81 In the trans form, azobenzene 
binds in the cavity of cyclodextrins but in the cis form it does not. The photoisomerization of 
azobenzenes with UV and visible light can thus be used to control the crosslink density and mechanical 
properties of supramolecular hydrogels based on these interactions. Such hydrogels have for example 
been used for the light controlled release of proteins.82, 83 Other work studies photoresponsive hydrogels 
employing spiropyran groups, which isomerize between a hydrophilic open form and a hydrophobic 
closed form through irradiation with UV or visible light.84-86 The biomedical applications of 
photoresponsive hydrogels based on a variety of light-induced chemical reactions have been reviewed 
elsewhere.25 
 
1.5 Thermoresponsive hydrogels 
Hydrogels that are formed in response to changes in temperature are often used for biomedical 
applications, because the difference between room temperature and body temperature can be used to 
trigger a (phase) transition.87 Most polymers that are used to form thermoresponsive hydrogels either 
exhibit a lower critical solution temperature (LCST) or, in some cases, an upper critical solution 
temperature (UCST).88 In both cases gel formation is reversible, but hydrogels based on LCST polymers 
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are formed by heating the polymer solution (Figure 1.4a) and UCST-based polymers form hydrogels 
upon cooling the material (Figure 1.4b). 
 
 
Figure 1.4. Mechanical properties of thermoresponsive hydrogels based on polymers with (a) a lower critical 
solution temperature (LCST) and (b) an upper critical solution temperature (UCST). Tgel represents the gelation 
temperature of the polymer solution. 
 
Whereas most thermoresponsive polymers are synthetic, some examples of thermoresponsive hydrogels 
are formed from natural polymers. For instance, one class of natural LCST polymers are derivatives of 
cellulose, which is a carbohydrate that is responsible for the mechanical stiffness of plant cell walls. 
Cellulose itself is insoluble in water due to the strong hydrogen bonding interactions between hydroxyl 
groups, but it can be made water soluble through partial substitution of the hydroxyl groups; for instance 
methylation yields the more hydrophobic methylcellulose (MC) polymers.89 The LCST of MC is about 
50-60 °C and coincides with the gelation temperature, but the exact value depends on the degree of 
substitution of the hydroxyl groups. Below the gelation temperature, aqueous solutions of MC are clear, 
but at higher temperatures it reversibly forms a turbid gel through the formation of a crosslinked network 
of MC fibers. Although the exact nature of the crosslinks is not yet known, it is thought that hydrophobic 
interactions, interfibril hydrogen bonding and polymer entanglements all play a role in the network 
formation.90 In addition, elastin-like proteins or peptides are well known for their tuneable LCST 
behaviour91 and their hydrogels have been studied intensely for tissue engineering and drug delivery 
applications.92 
An example of a natural polymer that exhibits an UCST is gelatin, which is the denatured form of 
collagen fibrils.93 Gelatin is often used as a gelling agent in a variety of applications, including food and 
cosmetics. Upon cooling, gelatin polymers in water undergo a transition from a random coil to a triple 
helix conformation.94 These triple helices form an entangled network which results in gelation of the 
gelatin solution at temperatures below 25 °C.95 Again, gelation is reversible and gelatin hydrogels 
dissolve when the temperature is increased. To form hydrogels that are stable at physiological 
temperatures, gelatin can be chemically crosslinked with for example dextran and other saccharides or 
with a variety of aldehydes.96, 97 
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Such hydrogels from chemically crosslinked networks of thermoresponsive polymers exhibit significant 
swelling and deswelling at the LCST or UCST of the polymers. The most common synthetic 
thermoresponsive polymer used to form crosslinked networks is poly(N-isopropylacrylamide) 
(PNIPAM), which shows a LCST around 32 °C. Upon heating a PNIPAM solution beyond its LCST, 
the conformation of the polymers changes from an extended coil to a globular structure.98 The LCST of 
the polymers can be tuned through copolymerization with other monomers99 or the addition of different 
ions to the polymer solution.100 To form a PNIPAM-based hydrogel, N,N′-methylenebis(acrylamide) is 
often used to chemically crosslink the polymers into a covalent network. The hydrogels show extensive 
shrinking when heated above their LCST whilst squeezing out much of the imbibed water, and high 
degrees of swelling when cooled below the LCST.101, 102 This large morphological and volumetric 
change at the LCST makes mechanical studies of PNIPAM-based hydrogels rather challenging. 
To reduce the thermoresponsive shrinking and swelling, PNIPAM-based hydrogels have been formed 
through crosslinking with a hydrolytically degradable polyamidoamine crosslinker.103-105 Through the 
incorporation of these hydrophilic crosslinkers, shrinking of the hydrogels and loss of water upon 
heating are reduced, but the hydrogels do show an increase in G′ with temperature, and stiffer hydrogels 
are obtained at temperatures above the LCST of PNIPAM than below.103 Since the polyamidoamine 
crosslinkers are hydrolytically degradable, the gels slowly degrade over several weeks at temperatures 
above the LCST, which was shown to be beneficial for tissue engineering applications.106 In a different 
approach to form degradable PNIPAM-based hydrogels, copolymers have been formed with monomers 
that contain hydrolytically or enzymatically degradable chemical bonds.107, 108 Cleavage of these 
degradable bonds increases the hydrophilicity of the copolymers and thus increases their LCST. If the 
increase in LCST is large enough, a transition from gel to solution can be triggered by hydrolytic or 
enzymatic degradation. 
Where the very large volumetric change of PNIPAM hydrogels at the LCST is often problematic for 
biomedical applications of these gels, such shape changes are of significant interest for applications in 
soft robotics. To exploit the large swelling ratio of PNIPAM, the hydrogels have been combined with a 
deformable electrode mesh which can provide programmable patterns of localized heating.109 The 
patterned changes in temperature are used to control non-uniform swelling and shrinking of the 
PNIPAM hydrogels, which results in shape changes to release the internal stresses caused by these non-
uniform stimuli. In this way the shape of the hydrogels can be reversibly controlled in three dimensions. 
In a different approach, photolithography was used to form a hydrogel sheet that combines structural 
components with different LCST values.110 The sheets are composed of periodic stripes of hydrogels 
based on copolymers from PNIPAM and poly(hydroxylethylacrylamide) with LCST values of 35 °C 
and 50 °C. Heating the hydrogel sheet to 40 °C leads to shrinkage of the stripes with the lower LCST, 
which builds up internal stresses and causes the sheet to fold into a helix.110 Upon heating the sheet to 
65 °C, the volume difference between the components diminishes and the sheet returns to a planar 
conformation. So combining structural components with different LCST values enables the design of 
hydrogels that are capable of large shape transformations. 
Mechanical properties of responsive polymer hydrogels 
11 
 
Besides PNIPAM, many other synthetic polymers show LCST behaviour and some of these polymers 
have been used to form thermoresponsive hydrogels. A lot of these hydrogels are based on copolymers 
containing poly(ethylene glycol) or on polymers functionalized with oligo(ethylene glycol) side 
chains.111-114 The thermoresponsive properties of such ethylene glycol-containing polymers and 
hydrogels based on these polymers and their biomedical applications have been the topic of numerous 
reviews.115-118 
By the addition of gold nanoparticles or nanorods, a light stimulus can be used to trigger a 
thermoresponsive hydrogel. The gold nanoparticles convert near-infrared light into heat, which then 
triggers a thermoresponsive process. A recent example of this approach is an alginate-based hydrogel 
with thermosensitive liposomes incorporated.119 Gold nanorods and calcium ions were encapsulated in 
these liposomes and near-infrared irradiation was used to induce local heating of the liposomes in order 
to release the calcium ions. The released ions physically crosslink the surrounding alginate polymer 
network, resulting in an increase in hydrogel stiffness upon irradiation. In a similar way, the hydrogel 
stiffness can be decreased by using liposomes filled with calcium chelators and with an irradiation 
gradient or photomask, the hydrogel stiffness can be tuned spatially.119 In other examples, gold nanorods 
were combined with a thermoresponsive PNIPAM network, such that the response of the polymer 
network could be triggered with near-infrared light.120-123 This approach combines the large polymer 
response near a phase transition with the possibility to apply the stimulus locally. 
 
1.6 Out-of-equilibrium hydrogels 
A class of hydrogels that currently receives increasing interest are out-of-equilibrium hydrogels. These 
gels require a continuous energy supply to maintain the hydrogel system away from thermodynamic 
equilibrium. The mechanical stiffness of these gels is controlled by reaction rates and the amount of fuel 
available to maintain the system out of equilibrium, instead of the composition of the material at 
thermodynamic equilibrium as is the case for common hydrogels. Such out of equilibrium hydrogels are 
inspired by the organization in natural cells, where networks of actin filaments and microtubules use a 
constant energy supply, provided by the conversion of chemical fuel, to form transient structures that 
determine the mechanical properties of the cytoskeleton.124, 125 A recent example of an artificial out-of-
equilibrium hydrogel system is based on self-assembling molecular gelators functionalized with 
carboxylate groups.126, 127 The negative charge of the carboxylates can be removed through alkylation 
with the fuel dimethyl sulfate (DMS) to form a neutral ester, which self-assembles into fibers that form 
the hydrogel (Figure 1.5a). The esters hydrolyse in aqueous environments, which returns the negatively 
charged carboxylate compound that disassembles. In this way, the assembly process and resulting 
gelation can be controlled by changing the charge of the molecule through alkylation and hydrolysis 
reactions (Figure 1.5a).126 
The mechanical stiffness of these out-of-equilibrium hydrogels depends on the concentration of the 
methylated compound and can thus be controlled by the amount of the fuel DMS added. As shown in 
Figure 1.5b, changing the initial fuel concentration affects both the maximum G′ and the lifetime of the 
hydrogels.126 The gel stiffness also depends on the pH, where weaker gels with a shorter lifetime are 
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formed at higher pH values because of the increased rate of hydrolysis at high pH.126 Furthermore, the 
kinetics of the self-assembly depend on the reactivity of the chemical fuel used. Replacing DMS by the 
less reactive fuel methyl iodide leads to formation and decay of the fibers on the time scale of multiple 
days instead of hours.127 The materials also show fuel-driven self-healing properties: after mechanically 
breaking the gels, the addition of new fuel restores its original stiffness.126 Thus, for these out-of-
equilibrium hydrogels, the mechanical properties such as gel stiffness and self-healing abilities are 
controlled by reaction kinetics and fuel concentrations, and not by the structure of the material at 
thermodynamic equilibrium. Interestingly, the reaction kinetics will also depend on the architecture of 
the assemblies and the hydrogel network. 
 
 
Figure 1.5. (a) A reaction cycle where carboxylate groups are alkylated by the fuel DMS, resulting in gel formation 
through self-assembly of the ester compounds. Hydrolysis of the ester groups leads to disassembly of the hydrogel 
network. (b) The elastic modulus of out of equilibrium hydrogels strongly depends on the initial fuel concentration, 
with higher fuel concentrations resulting in stiffer gels with a longer lifetime. Copyright AAAS. Reprinted with 
permission from reference 126. 
 
The few other chemically fuelled out-of-equilibrium hydrogel systems that have been reported generally 
use biological components. For example, gel-forming peptides and peptide amphiphiles have been 
formed under kinetic control through enzyme-catalysed reactions.128, 129 The chemical fuel for hydrogel 
formation is a methyl ester precursor, which is enzymatically converted in a self-assembling 
hydrogelator that temporarily exceeds the critical gelation concentration. As the fuel is consumed, the 
competing hydrolysis reaction leads to disassembly of the fibrous structure and the hydrogel dissolves, 
but the system can be refuelled several times to reform the hydrogel.128, 129  Transient self-assembly 
driven by a chemical fuel has not only been used for the formation of hydrogels, but also to form vesicles 
with a specific lifetime130, 131 or for the reversible aggregation of nanoparticles.132 
The above examples form transient hydrogels, as long as fuel is supplied to the system. One step further 
in out-of-equilibrium hydrogels are oscillating gels, where the gel-solution transition oscillates 
periodically. Examples of such gels133 are based on the complex Belousov–Zhabotinsky reaction134 and 
find application in actuation and motility.133 
a b 
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So far, we discussed responsive hydrogels that change the architecture of the network after a stimulus 
has been applied to the system. In these cases, the response time is directly related to the reaction rates 
of the components that induce the architectural change, which can vary from seconds to hours or even 
longer. The next section discusses an immediate response of hydrogels to a mechanical stimulus. 
  
1.7 Strain stiffening hydrogels 
Networks of biopolymers that make up the cytoskeleton and extracellular matrix have a second, 
instantaneous responsive mechanism with stress as a stimulus. This response, termed strain or stress 
stiffening means that the stiffness of the hydrogel increases in response to an applied stress or 
deformation. Such strain stiffening properties are rarely observed in synthetic hydrogels, but are very 
common in (reconstituted) biopolymer networks.135 The stress-responsive mechanical properties of 
biopolymer gels are a direct result of their vastly different architecture compared to most synthetic 
hydrogels. Where synthetic polymers generally form hydrogels through crosslinking of individual 
flexible polymer chains, biopolymers form a network by aggregating into much larger polymer bundles 
or fibers which can contain up to hundreds of single filaments.136 Compared to a single polymer chain, 
such bundles of polymers have a much larger persistence length lp, which is the characteristic length 
scale over which the chain maintains its orientation and quantifies the stiffness of the chain.137 For a 
network of synthetic single polymer chains, lp of the polymer chains is generally much smaller than the 
average distance between two crosslinks in the network lc (related to Mc in Eq. 1.1) and, consequently, 
the network is considered to be composed of flexible chains. For most biopolymer networks, however, 
lp of the fibers is on the same order of magnitude as lc and the fibers are considered semi-flexible. These 
semi-flexible fibers are too stiff to form loops and knots, but are sufficiently flexible to have significant 
thermal bending fluctuations.135 Also for such semi-flexible polymer networks, a theoretical model 
describing the relationship between the macroscopic stiffness of the material and the microstructure of 
the polymer network has been developed:138, 139 
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Here, ρ is the filament density in length per volume, which scales linearly with the polymer 
concentration c, kB is Boltzmann’s constant and T is the temperature. Analysis of the equation shows 
that the macroscopic stiffness of semi-flexible polymer hydrogels can be increased by increasing the 
polymer concentration or the crosslink density (increase in ρ or decrease in lc), similar to hydrogels from 
flexible polymers, but also by increasing the stiffness of the individual fibers (increase in lp). The lp 
dependence of G′ presents a different approach to control the stiffness of semi-flexible polymer 
hydrogels, although varying lp is experimentally difficult for most polymers. 
The theoretical model described by Eq. 1.2 assumes that the network is homogeneous and the 
deformation of the network is affine, so that a deformation of the network results in entropic stretching 
of the individual fibers.138 Because of the nonlinear force-extension curve for individual semi-flexible 
Chapter 1 
14 
 
filaments, the network strongly stiffens in response to an applied force or deformation beyond a critical 
value.135 Figure 1.6a shows a typical stress-strain curve for a hydrogel based on a semi-flexible polymer 
network (black line). The increase in stress as a function of strain is highly nonlinear, which corresponds 
to an increase in stiffness with strain. The stiffness of such a strain stiffening hydrogel is usually 
quantified by the differential modulus K′ = δσ/δγ, the derivative of the stress-strain curve, which gives 
a more accurate description of the modulus under stress. As a comparison, the stress-strain curve of a 
flexible polymer hydrogel is also shown in Figure 1.6a (red line). Such gels based on flexible polymer 
chains show a linear increase in stress with strain, resulting in a constant K′ which equals the elastic 
modulus G′. 
The mechanical response of a strain stiffening hydrogel shows two different regimes upon increasing 
the stress: a linear regime at low stress where the stress-strain curve is linear and K′ is constant and a 
nonlinear regime at high stresses where the stress increases nonlinearly with strain and K′ increases. 
This becomes very clear when K′ is plotted as a function of applied stress or strain (Figure 1.6b). The 
mechanical response should now be described with three mechanical parameters:140 the plateau modulus 
G0 represents the stiffness of the hydrogel in the low-stress linear regime where K′ is constant; the critical 
stress σc corresponds to the stress at which the material starts to stiffen; and the stiffening index m 
quantifies the increase in stiffness with stress in the nonlinear regime (Figure 1.6b). Note that the critical 
stress σc can be considered the sensitivity of the hydrogel towards stress and stiffening index m the 
responsiveness of the gel to stress. For flexible polymer hydrogels, the mechanics can be described with 
a single parameter, since K′ = G0 over the entire stress range (Figure 1.6b). An important characteristic 
of strain stiffening hydrogels is that the stiffening response is fully reversible. When the applied stress 
is removed, the modulus of the hydrogel immediately goes back to its zero-stress value G0.141 Such 
reversible stiffening is generally not observed in responsive hydrogels that stiffen through the formation 
of extra network crosslinks. 
Besides an increase in stiffness with stress, networks of semi-flexible fibers also show a negative normal 
stress which increases with the applied shear stress.142, 143 In other words, when a hydrogel based on a 
semi-flexible polymer network is sheared between two plates, it pulls the plates together. This behaviour 
is in contrast to hydrogels based on flexible polymers, which generate a positive normal force during 
deformation.142 Identical to the strain stiffening response of semi-flexible networks, the negative normal 
stress is a direct result of the nonlinear force-extension curve for individual semi-flexible filaments. For 
a network of randomly oriented filaments, an equal number of filaments is expected to be stretched and 
compressed when the network is sheared. Because the stretched filaments exert a greater tensile force 
than the compressive force of the filaments under compression, however, there is a net tension that 
results in a negative force normal to the plane of shear.142 
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Figure 1.6. (a) Stress-strain curves for hydrogels based on a network of semi-flexible fibers (black line) and 
flexible polymer chains (red line). The semi-flexible hydrogel shows a nonlinear increase in stress with increasing 
strain and the stiffness is represented by the differential modulus K′, which corresponds to the derivative of the 
stress-strain curve. For flexible polymer gels, the stress increases linearly with the strain and therefore K′ is equal 
to the elastic modulus G′. (b) Mechanical stiffness represented by K′ as a function of the applied stress σ for semi-
flexible and flexible polymer hydrogels. The mechanical response of semi-flexible hydrogels shows a linear 
regime at low stress where K′ is constant and a nonlinear regime at higher stress where K′ increases with stress. 
For flexible polymer gels, K′ is constant over the entire stress range. 
 
Where the model described in Eq. 1.2 assumes purely affine entropic stretching deformations,138 a 
second molecular mechanism has been proposed for the strain stiffening response of networks composed 
of stiffer fibers.144-146 In this enthalpic model, the strain stiffening response results from nonaffine 
network rearrangements that lead to a transition from a linear regime which is dominated by fiber 
bending at small strains to a nonlinear regime dominated by enthalpic fiber stretching at large strains.144 
Both models predict a similar strain stiffening response at large deformations.145 For most biopolymer 
hydrogels, both models probably contribute to the stiffening response and which of the two mechanisms 
dominates the mechanical response depends on the crosslink density of the network and lp of the 
individual fibers.147-149 
The linear modulus of biopolymer hydrogels that are commonly used as extracellular matrices, such as 
reconstituted collagen or Matrigel, is typically in the range of 100-1000 Pa, similar to in vivo tissues 
such as brain tissue.4, 150 This makes biological hydrogels relatively soft compared to most synthetic 
equivalents, which often have moduli in the kPa-range. Because these biological gels are soft, the critical 
stresses required to trigger their stiffening response are generally low, roughly in the range of 1-10 Pa.135 
Such critical stress levels are well within the range of traction stresses that cells can apply to their 
matrix,150 which suggests that cells can trigger a strain stiffening response of their matrix. Indeed, it has 
been shown that cells can actively stiffen a biopolymer matrix151 and respond to the nonlinear strain 
stiffening regime of their substrate.20, 21 These findings make the strain stiffening response of semi-
flexible hydrogels an important feature to study and optimize. In the next sections, we will discuss a 
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number of different hydrogels that exhibit a strain stiffening response and study how their structure and 
architecture relate to their mechanical properties. 
  
1.7.1 Biopolymer hydrogels 
In vitro reconstituted networks of both intracellular and extracellular biopolymers generally show a 
strain stiffening response at relatively small strains or stresses.135 The most extensively studied 
biopolymer in terms of its mechanical properties is actin, which is the most abundant protein in 
eukaryotic cells and a major constituent of the cytoskeleton. Globular actin polymerizes into actin 
filaments with a diameter of about 7 nm, contour lengths up to 20 µm and a lp of about 17 µm, which 
makes the filaments semiflexible.152, 153 The actin filaments are bundled and crosslinked into networks 
by actin-binding proteins and the mechanical properties of the networks depend sensitively on the degree 
of crosslinking.154 At low crosslink-density, where lc is relatively large compared to lp of the fibers, 
deformation of the network is nonaffine and the response is dominated by bending of individual 
filaments.155, 156 These networks exhibit no strain stiffening response and their stress-strain curve 
remains linear for strains up to 100%, similar to the flexible polymer gels described in Figure 1.6. At 
higher cross-link density, deformation of the actin network becomes affine and the response is 
dominated by entropic stretching of the fibers, which leads to a strain stiffening response of the resulting 
hydrogel.154 The gels behave as the semi-flexible network described in Figure 1.6, and both G0 and σc 
can be controlled by varying the actin concentration or the crosslink density. The third mechanical 
parameter, the stiffening index m = 3/2, which is consistent with the nonlinear force-extension behaviour 
of a single semi-flexible fiber.157 So, the stiffening response of the actin network directly results from 
entropic stretching of the individual actin fibers. 
A different class of cytoskeletal polymers that form strain stiffening hydrogels are intermediate 
filaments (IFs), a large family of proteins that are more flexible than actin filaments with a lp ranging 
from 200 nm to 1 µm.158 The molecular building blocks of IFs are helical fibrous proteins that bundle 
together into filaments with a diameter of about 10 nm.159 Because the fibers are more flexible than actin 
filaments, IF hydrogels stiffen at much larger strains than actin gels.135 The strain stiffening response of 
the IF hydrogels follows the model of affine network deformation, showing m = 3/2, so network 
stiffening is the result of entropic filament stretching.139, 160 The affine network deformation and entropic 
stiffening response is a direct result of the low lp of IFs, which is of the same order of magnitude as lc 
for these networks.139 
The third major component of the natural cytoskeleton are microtubules. Compared to the other 
cytoskeletal polymers, microtubules are much stiffer with a lp of about 1 mm and a diameter of 25 nm.153 
Because of their high stiffness, networks of microtubules are not strain stiffening but show a strain 
weakening response.161 It was found, however, that microtubules can be used to promote the strain 
stiffening response of semi-flexible actin networks.38 For actin networks with a low crosslink-density, 
which are not strain stiffening because the mechanical response is dominated by fiber bending, the 
addition of a small amount of microtubules induces a strain stiffening response. The microtubules make 
the deformation of the surrounding actin network more affine, which leads to an enhanced stretching 
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response of the actin fibers and results in strain stiffening.38 These findings suggest that the mechanical 
response of the natural cytoskeleton is much more complex than the summed responses of the individual 
components, as a result of the interplay between the three major components.162 
The extracellular matrix that surrounds and mechanically supports cells also consists of biopolymers 
with stress-responsive mechanical properties. The most abundant biopolymer in the extracellular matrix 
is collagen, which forms assemblies of peptide chains in long and stiff bundles of triple helices.163 
Mechanical studies varying collagen concentration and bundle sizes148 are consistent with theoretical 
predictions. Although a stiffening mechanism based on the entropic stretching model cannot be 
excluded, the high stiffness of the collagen fibers makes nonaffine deformations and stiffening as a 
result of the enthalpic model more likely.164, 165 This is supported by the observation of reversible fiber 
alignment under strain in collagen hydrogels.166 In contrast to actin and IF hydrogels which show a 
stiffening index m = 3/2, bundled collagen hydrogels show a weaker stiffening response with m = 1, 
which also indicates that stiffening of collagen hydrogels not simply results from entropic fiber 
stretching.167 
A second biopolymer that is part of the extracellular matrix is fibrin, which is the main protein in blood 
clots and plays an important role in wound healing.168 Fibrin hydrogels also show a strong strain 
stiffening response169, and they are very resilient as they can withstand very large strains.170, 171 Based 
on their large diameter of 80 nm or more,172 fibrin fibers would be expected to behave as very rigid 
polymers with a stiffening mechanism dominated by nonaffine deformations. Instead, a mechanism 
dominated by entropic fiber stretching was found for the strain stiffening response of fibrin hydrogels, 
which is a direct result of the hierarchical structure of the individual fibrin fibers.173, 174 The large amount 
of water in the fiber induces a loosely bundled structure, which gives fibrin hydrogels unique strain 
stiffening properties (Figure 1.7). In a plot of the fibrin hydrogel stiffness K′ as a function of σ, two 
linear and two stiffening regimes are observed. The first linear and stiffening regime reflect stretching 
of thermal fluctuations of the fibers between network crosslinks, whereas the second linear and 
stiffening regime correspond to the entropic stretching of flexible regions within the individual fibrin 
fibers.173 Because the fibrin fibers are loose bundles, they are less stiff than the tightly bundled collagen 
fibers for example. This results in the hierarchical mechanical response dominated by entropic stretching 
on the network scale at low stress and on the single filament scale at high stress. Only at very high 
stresses the stiffening response shows m = 3/2 due to single filament stretching, the first stiffening 
regime shows a much weaker increase in stiffness with stress.173, 175 The first stiffening regime (with σc 
= 1–10 Pa) is within the range of stresses that cells can apply to their environment and cells may use 
this to actively tailor the stiffness of their surrounding matrix.151 The second regime (with σc = 100–
1000 Pa) lies outside the cellular range and may be important to protect the blood clot against mechanical 
failure. 
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Figure 1.7. Hierarchical stiffening response of a fibrin hydrogel. Increasing levels of strain induce distinct elastic 
regimes. Regimes 1 and 2 reflect pulling out thermal fluctuations of the network. Regimes 3 and 4 reflect the 
stretching of regions within the fibrin fibers until the network breaks (regime 5). The top images schematically 
show which component is loaded with increasing strain. Copyright Elsevier. Reprinted with permission from 
reference 173. 
 
1.7.2 Bio-inspired strain stiffening hydrogels 
Where stress-responsive mechanical properties are common among biopolymer hydrogels, it is rarely 
reproduced in synthetic hydrogels. Some bio-inspired hydrogels based on proteins, synthetic 
polypeptides or polysaccharides, however have been reported to show strain stiffening properties. 
Although the stress-responsive mechanics of these hydrogels may be similar to the biopolymer gels, 
their architecture is often very different. Biopolymer gels typically show strain stiffening at low polymer 
concentrations of the order of 0.1 wt%, but most bio-inspired mimics are at least an order of magnitude 
higher in concentration, resulting in much denser networks with smaller pore sizes. One example of 
such a bio-inspired strain stiffening hydrogel is based on the fibrous protein silk fibroin.176, 177 This 
protein consists of large hydrophobic and smaller internal hydrophilic blocks.178 In water, the 
hydrophobic blocks can associate into β-sheets which leads to the formation of a gel-forming network. 
In this process, the pH has a direct influence on the mechanics, since the formation of the β-sheets is pH 
controlled. Hydrogels at high pH values and with a low G0 show a strain stiffening response, whereas 
hydrogels at low pH do not stiffen but rather break at relatively small deformations.176 This suggests 
that for fibers with a high β-sheet content lp ≫ lc (lc is only several nanometers due to the high protein 
concentration of 4.2 wt%), resulting in very brittle networks. Hydrogels with a lower β-sheet content at 
high pH are more balanced, which allows the β-sheet domains to align under strain, resulting in a strain 
stiffening response. 
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Using silk fibroin as a starting point, strain stiffening hydrogels can also be formed from triblock protein 
copolymers with silk-like and collagen-like blocks.179-181 The polymers consist of pH-responsive silk-
like blocks and nonresponsive collagen-like blocks. Upon lowering the pH, the silk-like blocks assemble 
into fibers approximately 14 nm wide and 2.8 nm high, while the collagen-like blocks remain unordered 
and form a hydrophilic corona around the silk-like fibers.179 Fiber formation leads to gelation of a 
polymer solution for triblock polymers with either a silk-like mid-block or with silk-like end-blocks. 
The fibers are considered semi-flexible based on their smoothly bent shape in AFM and TEM images, 
and crosslinking between the fibers likely happens through hydrogen bonding.180 Strain stiffening is 
observed for hydrogels with polymer concentrations ranging from 0.4 to 1.5 wt%, with the lower 
concentration gels showing a stronger stiffening response.180 
A different polypeptide that forms strain stiffening hydrogels is a diblock copolymer with a leucine (L) 
block and a lysine (K) block.182 The leucine block forms a helical structure and these α-helices can 
assemble into fibers which form a gel.183 The relative length of the two blocks determines the mechanical 
properties of the resulting hydrogels. Changing the composition of the polymer from K160L40 to K180L20 
decreases the elastic modulus by more than two orders of magnitude for gels with a polymer 
concentration of 3 wt%. The softer gel shows a strain-stiffening response, but the stiffer gel is more 
brittle and weakens at very small strains. It is argued that the stiffening response of the K180L20 gel is a 
result of the non-efficient packing of the helical segments.182 Upon applying a deformation, the helices 
become better packed resulting in a stiffer network under strain. 
A different class of strain stiffening bio-inspired hydrogels is based on methylcellulose (MC), a semi-
flexible linear-chain polysaccharide that undergoes thermoreversible gelation when dissolved in water 
as discussed in section 1.5.184, 185 Upon heating a MC solution, the single chains bundle together to form 
semi-flexible fibers with a remarkably uniform diameter of about 15 nm, independent of polymer 
concentration and molecular weight.185, 186 The thermoreversible gelation proceeds through the 
formation of a crosslinked network of these fibers, resulting in strain stiffening hydrogels.187, 188 The 
packing of individual MC chains within the fibers is not fully clear yet, but it is possible that the chains 
adopt a helical conformation such that the helical radius dictates the uniform bundle diameter similar to 
actin filaments.185 The crosslink density of the resulting MC networks depends on the polymer 
concentration, with values for lc on the order of 10-100 nm.188 Since lp of the bundled MC fibers is 
approximately 30 nm, the networks are semi-flexible (lp ≈ lc) and the stiffening response has been shown 
to follow the entropic model described in Eq. 1.2.188 Because of the relatively low lp of the MC fibers, 
the hydrogels show a broad linear elastic regime and can withstand large deformations before breaking, 
similar to intermediate filament gels.187 
 
1.7.3 Synthetic strain stiffening hydrogels 
Hydrogels based on networks of fully synthetic polymers generally do not show stress-responsive 
mechanical properties, but their elasticity simply remains linear until the sample breaks at large stresses 
or strains. For most synthetic polymers, lp is in the sub-nanometer range and, therefore, very large strains 
are needed before the polymer chains are fully stretched, which causes the polymer networks to break 
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before they stiffen. One of the few exceptions to this general trend are hydrogels based on a synthetic 
triblock copolymer with a hydrophilic mid-block and hydrophobic end-blocks.189 The mid-block 
consists of poly(methacrylic acid) (PMAA) and the end blocks are poly(methyl methacrylate) (PMMA). 
In water, these polymers self-assemble into a network, with aggregates of the hydrophobic end-blocks 
interconnected by the hydrophilic mid-block chains.190 It was found that the length of the mid-block 
determines the stiffening response of the hydrogel, with a shorter mid-block leading to a stiffening 
response at smaller strains.189 This stiffening response at smaller strain is explained by assuming that 
the stiffening response results from entropic stretching of the polymer mid-block. As the network is 
deformed, the distance between the end-block aggregates increases and the interconnecting mid-blocks 
are stretched. When the polymer is stretched to its maximum extensibility, the stiffness of the hydrogels 
strongly increases with the applied stress. Because of the very high polymer concentration in these 
hydrogels (a polymer volume fraction of 10%), however, the plateau modulus of the triblock-copolymer 
gels (Figure 1.8, green circles) is about two orders of magnitude higher than for most biopolymer gels 
(blue symbols). Because of this high stiffness, σc of these hydrogels is also very large and the gels only 
show a stiffening response at very high stresses (Figure 1.8). Stress-responsive gels with an identical 
stiffening mechanism were also formed from triblock copolymers with a mid-block of poly(n-butyl 
acrylate). However, for these polymers 2-ethyl-1-hexanol instead of water was used as the solvent, 
which leads to organogels with a lower G0 and σc due to better solubility of the polymers in this alcohol 
compared to water.189, 191, 192 
 
 
Figure 1.8. Stiffness as a function of stress for strain stiffening biopolymer and synthetic hydrogels. The data for 
the biopolymer and polyacrylamide gels135 and for the PMMA-PMAA-PMMA hydrogel189 were adapted to give  
K′ vs σ. The data for the PIC hydrogel was taken from Jaspers et al.140 The biologically accessible stress range was 
estimated from the work described by Jansen et al.151 
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A second fully synthetic hydrogel that shows strain stiffening behaviour is based on ethylene glycol 
functionalized polyisocyanides (PICs).193 In contrast to the previous example, the PIC hydrogels do 
show a stiffening response at relatively low stresses, with both G0 and σc in the same range as for 
biopolymer hydrogels (Figure 1.8, red dots). The gel-forming PICs are composed of a helical backbone, 
which is stabilized by a hydrogen bond network between the alanine substituents along the polymer 
backbone (Figure 1.9). The polymers form a 41 helix (four repeats per turn), resulting in hydrogen 
bonding interactions between side chains n and n+4.194 This stable helical secondary structure makes 
these polymers relatively stiff with a much larger persistence length than other synthetic polymers.195 
Every alanine substituent is further functionalized with a short ethylene glycol tail, which renders the 
polymers water-soluble. In water, the PIC solutions show a thermoreversible transition: at low 
temperatures the polymer solution is a low viscous liquid, but upon heating the solution turns into an 
elastic hydrogel. The gelation temperature Tgel depends on the length of the ethylene glycol side tails, 
with Tgel = 18 °C for triethylene glycol side chains and Tgel = 44 °C for tetraethylene glycol functionalized 
polymers.193 Such LCST behaviour is common among ethylene glycol functionalized polymers,115 but 
where most of these polymers simply precipitate upon heating, PIC aggregates into a network which 
leads to gelation of the polymer solution. The gelation mechanism is probably very similar to the 
methylcellulose hydrogels described previously, and gelation is attributed to hydrophobic interactions 
between the polymer chains.193 Heating a PIC solution leads to entropic desolvation of the ethylene 
glycol side chains, making the polymers more hydrophobic so that they separate from the aqueous 
solution and aggregate into a network. The aggregation results in a network of polymer bundles with a 
very well-defined bundle size, independent of the polymer concentration.196 The bundle size is probably 
controlled by the helical structure of the polymers, similar to the bundling of actin filaments.136 
 
  
Figure 1.9. Molecular structure of PICs with different ethylene glycol tail lengths and schematic representation of 
the 41 helical structure of gel-forming polyisocyanides, showing the hydrogen bond network (dotted lines) that 
stabilizes the helical structure of the polymer. The polymer backbone is relatively stiff, whereas the ethylene glycol 
tails are considered flexible. The helical polyisocyanide backbone and the stabilizing dialanyl groups are shown 
in red and the ethylene glycol side chains are shown in blue.193 
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An important advantage of the bundled network structure is that gelation occurs at very low polymer 
concentrations, down to 0.006 wt%.193 Such low polymer concentrations are only observed in 
biopolymer gels and as a result, the stiffness and architecture of PIC hydrogels is similar to gels from 
biopolymers (Figure 1.8). Because of their low G0, PIC hydrogels have a high sensitivity towards stress 
with σc of the order of 1–10 Pa. The strain stiffening response can be described by the entropic stiffening 
model and the gels show the predicted m = 3/2 response at high stresses. Based on rheological 
measurements, Eq. 1.2 was used to calculate lp of the polymer bundles and lc of the bundled network, 
which were found to 460 nm and 110 nm respectively,193 which confirms that, indeed, PIC networks 
can be considered semi-flexible. 
 
1.7.4 Design parameters for strain stiffening 
The bundling process plays a crucial role in the mechanics of hydrogels, since lp of polymer bundles is 
orders of magnitude higher than the lp of single polymer chains. Without bundling, the filaments would 
be much more flexible and the strain stiffening response would probably not be observed, or at least not 
at such low stresses. Nature uses the same bundling approach to control the mechanics of biopolymer 
networks, through aggregation of stiff protein elements and controlling the degree of bundling by 
regulating the concentrations of different crosslinking reagents such as actin-binding proteins. 
For the design of new classes of strain stiffening hydrogels, two other structural parameters play a key 
role: lp of the fibers that make up the network and the average distance between two network crosslinks 
lc. For all examples of strain stiffening hydrogels discussed here, lp and lc are roughly within the same 
order of magnitude. If lc ≫ lp, as is the case for most hydrogels based on synthetic polymers, linear 
elasticity will dominate the mechanical response and the gel stiffness remains constant up to very large 
deformations. If, on the other hand, lc ≪ lp the networks are usually very brittle and will break before 
any stiffening is observed. For synthetic polymers with a low lp, there seem to be two approaches to 
form strain stiffening hydrogels. The first approach is to reduce lc of the polymer network, either by 
increasing the polymer concentration or the crosslink density of the network. Examples of this approach 
are the gels based on silk fibroin and acrylic block-copolymers. This approach, however, results in a 
very dense polymer network with a relatively small pore size and a high stiffness. Because of their large 
G0, these gels are not sensitive to small stresses and only stiffen upon applying a high stress. A second 
approach is to increase lp of the filaments that make up the network, which can be achieved through self-
assembly of single chains into stiffer polymer bundles. This approach is used for all biopolymer gels 
and also for the (semi)synthetic hydrogels based on methylcellulose and polyisocyanides. The self-
assembly process usually involves the bundling of helical polymers or the stacking of β-sheet like 
structures. An advantage of this bundling approach is that much lower polymer concentrations can be 
used to form strain stiffening hydrogels, which leads to polymer networks with a larger pore size, lower 
G0 and a higher sensitivity towards stress. Controlling the self-assembly of single polymers into bundles 
remains challenging, however, which makes artificial strain stiffening hydrogels very rare. Such 
controlled bundling could lead to a new class of hydrogels that, depending on the degree of bundling, 
can stiffen over a broad range of stresses or deformations. 
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1.8 Outline of this thesis 
The goal of this thesis is to characterize and control the mechanical and structural properties of strain 
stiffening hydrogels based on synthetic polyisocyanides. These hydrogels uniquely mimic the stress-
responsive mechanics and bundled structure of biopolymer gels, with the advantage that the hydrogel 
properties can be controlled very accurately because of the synthetic nature of the polymers. The main 
technique to measure the gel mechanics will be macroscopic rheology, which is used to characterize the 
stiffness of the hydrogels in both the linear and nonlinear regime by applying a shear stress and 
measuring the resulting deformation of the material. For the structural characterization we will use small 
angle X-ray scattering (SAXS). The main advantage of using SAXS over techniques like atomic force 
microscopy and electron microscopy, which have been used in the past, is that the gel structure can be 
studied in situ, even for very low polymer concentrations down to 0.1 wt%. 
The polymers used in this thesis are tri(ethylene glycol)-grafted PICs (Figure 1.9, m = 2), which show a 
gelation temperature close to room temperature and form fully elastic hydrogels at biologically relevant 
temperatures around T = 37 °C. The polymers we use have different average contour lengths, which can 
be precisely controlled by varying the conditions during the polymerization reaction. Furthermore, PICs 
can be functionalized with azide groups at the end of the ethylene glycol side tails, which allows us to 
attach different functional groups at the polymer periphery. 
In Chapter 2, we show how the mechanical properties of the PIC hydrogels can be tuned by varying the 
polymer concentration, polymer length and temperature. Using these three straightforward parameters, 
the strain stiffening response of the gels can be precisely controlled and we show how ultra-responsive 
hydrogels can be obtained by choosing the right conditions. Furthermore, we show that the mechanical 
responses of all hydrogels become identical when large stresses are applied, independent of the other 
parameters that we vary. In Chapter 3, we use a different approach to control the gel mechanics, by 
adding a range of different salts. We show that the PIC hydrogels follow the Hofmeister series, which 
we use to change both the thermoresponsive and stress-responsive properties of the hydrogels. The 
Hofmeister effect has been known to change the solubility of proteins for over a hundred years, but we 
demonstrate for the first time that it can also be used to, very predictively, tune the mechanics of 
hydrogels. In this way, the stiffness of the gels can be controlled over several orders of magnitude 
without affecting the microstructure of the gels. 
Chapter 4 describes the structure of the PIC hydrogels as determined with SAXS measurements. We 
find that the gels uniquely mimic the bundled network structure of biopolymer hydrogels. Again, we 
vary simple parameters such as polymer concentration and polymer length, and we perform SAXS 
measurements in solution, below the gelation temperature, and in the hydrogel state at high 
temperatures. We also follow the thermal transition from the solution to the hydrogel phase using SAXS 
and differential scanning calorimetry (DSC) measurements. It is observed that, at a very well-defined 
temperature, polymer bundles are formed with a bundle size independent of the polymer concentration. 
The polymer length however, has a large effect on the structure of the polymer network in the hydrogel 
phase. We continue the structural characterization of the PIC hydrogels in Chapter 5, by measuring how 
the architecture of the hydrogel changes upon applying stress. We do this by combining SAXS and 
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rheology, which allows us to study the structure of the hydrogels in both the linear and the nonlinear 
mechanical regime. By stepwise increasing the stress and measuring the scattering profile of the sample, 
we show that the network structure changes in the linear regime at small stresses, but that the gel 
structure does not significantly change in the nonlinear regime at high stresses. 
In the last three chapters of this thesis, the PICs are combined with a second component to form hybrid 
or composite gels, and we study the mechanical properties of the resulting hydrogels. In Chapter 6, we 
combine PIC with stiff carbon nanotubes, where we find that the carbon nanotubes promote the strain 
stiffening response of the PIC network by increasing the sensitivity of the hydrogels towards stress. As 
a result, increasing the nanotube concentration leads to an increase in stiffness in the nonlinear regime, 
whereas the linear modulus of the gels remains unaffected. A hybrid hydrogel of two semi-flexible 
networks, PIC and fibrin, is discussed in Chapter 7. The strain stiffening response of these hybrid 
hydrogels can be controlled either by varying the ratio of the two components or by introducing specific 
interactions between the two networks. Furthermore, we show how changes in the mechanical and 
structural properties of the hybrid hydrogels affect the behaviour of stem cells cultured on these gels. In 
Chapter 8, we combine PIC with a network of flexible polymer chains. We show that combining PIC 
with a polyacrylamide network not only increases the linear modulus of the gels, but also reduces the 
stiffening response of the PIC network. This effect is even stronger when we introduce specific 
interactions between the two networks by functionalizing the PIC polymers with acrylate moieties. We 
also form hybrid hydrogels of PIC with PNIPAM, which is a thermoresponsive material in itself. 
Heating this hybrid gel beyond the PNIPAM LCST, results in a collapse of this network, which strains 
the interpenetrating PIC network into its nonlinear regime. The PNIPAM transition is transferred to the 
PIC network, which increases the modulus of the hybrid hydrogel up to twenty fold by raising the 
temperature only one degree. 
  
Mechanical properties of responsive polymer hydrogels 
25 
 
1.9 References 
1. Pritchard, R. H.; Huang, Y. Y. S.; Terentjev, E. M. Soft Matter 2014, 10, 1864-1884. 
2. Kasza, K. E.; Rowat, A. C.; Liu, J. Y.; Angelini, T. E.; Brangwynne, C. P.; Koenderink, G. H.; 
Weitz, D. A. Curr. Opin. Cell Biol. 2007, 19, 101-107. 
3. Frisch, S. M.; Francis, H. J. Cell Biol. 1994, 124, 619-626. 
4. Discher, D. E.; Janmey, P.; Wang, Y. L. Science 2005, 310, 1139-1143. 
5. Trappmann, B.; Chen, C. S. Curr. Opin. Biotechnol. 2013, 24, 948-953. 
6. Chen, B.; Ji, B. H.; Gao, H. J., Modeling Active Mechanosensing in Cell-Matrix Interactions. 
In Annual Review of Biophysics, Vol 44, Dill, K. A., Ed. Annual Reviews: Palo Alto, 2015; Vol. 
44, pp 1-32. 
7. Wang, H. L.; Abhilash, A. S.; Chen, C. S.; Wells, R. G.; Shenoy, V. B. Biophys. J. 2014, 107, 
2592-2603. 
8. Sun, J. Y.; Zhao, X. H.; Illeperuma, W. R. K.; Chaudhuri, O.; Oh, K. H.; Mooney, D. J.; Vlassak, 
J. J.; Suo, Z. G. Nature 2012, 489, 133-136. 
9. Phadke, A.; Zhang, C.; Arman, B.; Hsu, C. C.; Mashelkar, R. A.; Lele, A. K.; Tauber, M. J.; 
Arya, G.; Varghese, S. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 4383-4388. 
10. Thiele, J.; Ma, Y. J.; Bruekers, S. M. C.; Ma, S. H.; Huck, W. T. S. Adv. Mater. 2014, 26, 125-
148. 
11. Place, E. S.; Evans, N. D.; Stevens, M. M. Nat. Mater. 2009, 8, 457-470. 
12. Tibbitt, M. W.; Rodell, C. B.; Burdick, J. A.; Anseth, K. S. Proc. Natl. Acad. Sci. U. S. A. 2015, 
112, 14444-14451. 
13. Kloxin, A. M.; Kloxin, C. J.; Bowman, C. N.; Anseth, K. S. Adv. Mater. 2010, 22, 3484-3494. 
14. Chaudhuri, O.; Koshy, S. T.; da Cunha, C. B.; Shin, J. W.; Verbeke, C. S.; Allison, K. H.; 
Mooney, D. J. Nat. Mater. 2014, 13, 970-978. 
15. Wen, J. H.; Vincent, L. G.; Fuhrmann, A.; Choi, Y. S.; Hribar, K. C.; Taylor-Weiner, H.; Chen, 
S. C.; Engler, A. J. Nat. Mater. 2014, 13, 979-987. 
16. Engler, A. J.; Sen, S.; Sweeney, H. L.; Discher, D. E. Cell 2006, 126, 677-689. 
17. Yeung, T.; Georges, P. C.; Flanagan, L. A.; Marg, B.; Ortiz, M.; Funaki, M.; Zahir, N.; Ming, 
W. Y.; Weaver, V.; Janmey, P. A. Cell Motil. Cytoskeleton 2005, 60, 24-34. 
18. Saez, A.; Ghibaudo, M.; Buguin, A.; Silberzan, P.; Ladoux, B. Proc. Natl. Acad. Sci. U. S. A. 
2007, 104, 8281-8286. 
19. Whang, M.; Kim, J. Tissue Eng. Regen. Med. 2016, 13, 126-139. 
20. Das, R. K.; Gocheva, V.; Hammink, R.; Zouani, O. F.; Rowan, A. E. Nat. Mater. 2016, 15, 318-
327. 
21. Winer, J. P.; Oake, S.; Janmey, P. A. PLoS One 2009, 4, 1-11. 
22. Ilievski, F.; Mazzeo, A. D.; Shepherd, R. E.; Chen, X.; Whitesides, G. M. Angew. Chem.-Int. 
Edit. 2011, 50, 1890-1895. 
23. Rus, D.; Tolley, M. T. Nature 2015, 521, 467-475. 
24. Morales, D.; Palleau, E.; Dickey, M. D.; Velev, O. D. Soft Matter 2014, 10, 1337-1348. 
25. Tomatsu, I.; Peng, K.; Kros, A. Adv. Drug Deliv. Rev. 2011, 63, 1257-1266. 
26. He, X. M.; Aizenberg, M.; Kuksenok, O.; Zarzar, L. D.; Shastri, A.; Balazs, A. C.; Aizenberg, 
J. Nature 2012, 487, 214-218. 
27. Chang, C. Y.; He, M.; Zhou, J. P.; Zhang, L. N. Macromolecules 2011, 44, 1642-1648. 
Chapter 1 
26 
 
28. Techawanitchai, P.; Ebara, M.; Idota, N.; Asoh, T. A.; Kikuchi, A.; Aoyagi, T. Soft Matter 2012, 
8, 2844-2851. 
29. Rosales, A. M.; Anseth, K. S. Nat. Rev. Mater. 2016, 1, 1-15. 
30. Flory, P. J.; Rehner, J. J. Chem. Phys. 1943, 11, 521-526. 
31. Flory, P. J. Chem. Rev. 1944, 35, 51-75. 
32. Flory, P. J., Principles of Polymer Chemistry. 2nd ed.; Cornell University Press: Ithaca, 1953. 
33. Calvet, D.; Wong, J. Y.; Giasson, S. Macromolecules 2004, 37, 7762-7771. 
34. Baker, B. M.; Chen, C. S. J. Cell Sci. 2012, 125, 3015-3024. 
35. Gillette, B. M.; Jensen, J. A.; Wang, M. X.; Tchao, J.; Sia, S. K. Adv. Mater. 2010, 22, 686-691. 
36. Gillette, B. M.; Jensen, J. A.; Tang, B. X.; Yang, G. J.; Bazargan-Lari, A.; Zhong, M.; Sia, S. 
K. Nat. Mater. 2008, 7, 636-640. 
37. Jensen, M. H.; Morris, E. J.; Goldman, R. D.; Weitz, D. A. Bioarchitecture 2014, 4, 138-43. 
38. Lin, Y. C.; Koenderink, G. H.; MacKintosh, F. C.; Weitz, D. A. Soft Matter 2011, 7, 902-906. 
39. Huisman, E. M.; Heussinger, C.; Storm, C.; Barkema, G. T. Phys. Rev. Lett. 2010, 105, 118101. 
40. Gong, J. P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Adv. Mater. 2003, 15, 1155-1158. 
41. Nakajima, T.; Sato, H.; Zhao, Y.; Kawahara, S.; Kurokawa, T.; Sugahara, K.; Gong, J. P. Adv. 
Funct. Mater. 2012, 22, 4426-4432. 
42. Ducrot, E.; Chen, Y. L.; Bulters, M.; Sijbesma, R. P.; Creton, C. Science 2014, 344, 186-189. 
43. Gong, J. P. Soft Matter 2010, 6, 2583-2590. 
44. Haraguchi, K.; Takehisa, T. Adv. Mater. 2002, 14, 1120-1124. 
45. Okay, O.; Oppermann, W. Macromolecules 2007, 40, 3378-3387. 
46. Wang, Q.; Mynar, J. L.; Yoshida, M.; Lee, E.; Lee, M.; Okuro, K.; Kinbara, K.; Aida, T. Nature 
2010, 463, 339-343. 
47. Tamesue, S.; Ohtani, M.; Yamada, K.; Ishida, Y.; Spruell, J. M.; Lynd, N. A.; Hawker, C. J.; 
Aida, T. J. Am. Chem. Soc. 2013, 135, 15650-15655. 
48. Liu, M. J.; Ishida, Y.; Ebina, Y.; Sasaki, T.; Hikima, T.; Takata, M.; Aida, T. Nature 2015, 517, 
68-72. 
49. Thoniyot, P.; Tan, M. J.; Karim, A. A.; Young, D. J.; Loh, X. J. Adv. Sci. 2015, 2, 1-13. 
50. Chaudhuri, O.; Gu, L.; Klumpers, D.; Darnell, M.; Bencherif, S. A.; Weaver, J. C.; Huebsch, 
N.; Lee, H. P.; Lippens, E.; Duda, G. N.; Mooney, D. J. Nat. Mater. 2016, 15, 326-334. 
51. Lutolf, M. P.; Raeber, G. P.; Zisch, A. H.; Tirelli, N.; Hubbell, J. A. Adv. Mater. 2003, 15, 888-
892. 
52. Lutolf, M. P.; Lauer-Fields, J. L.; Schmoekel, H. G.; Metters, A. T.; Weber, F. E.; Fields, G. B.; 
Hubbell, J. A. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 5413-5418. 
53. Lutolf, M. R.; Weber, F. E.; Schmoekel, H. G.; Schense, J. C.; Kohler, T.; Muller, R.; Hubbell, 
J. A. Nat. Biotechnol. 2003, 21, 513-518. 
54. Kraehenbuehl, T. P.; Zammaretti, P.; Van der Vlies, A. J.; Schoenmakers, R. G.; Lutolf, M. P.; 
Jaconi, M. E.; Hubbell, J. A. Biomaterials 2008, 29, 2757-2766. 
55. Lutolf, M. P.; Hubbell, J. A. Biomacromolecules 2003, 4, 713-722. 
56. Seliktar, D.; Zisch, A. H.; Lutolf, M. P.; Wrana, J. L.; Hubbell, J. A. J. Biomed. Mater. Res. 
Part A 2004, 68A, 704-716. 
57. Anderson, S. B.; Lin, C. C.; Kuntzler, D. V.; Anseth, K. S. Biomaterials 2011, 32, 3564-3574. 
58. Mann, B. K.; Gobin, A. S.; Tsai, A. T.; Schmedlen, R. H.; West, J. L. Biomaterials 2001, 22, 
3045-3051. 
Mechanical properties of responsive polymer hydrogels 
27 
 
59. Aimetti, A. A.; Machen, A. J.; Anseth, K. S. Biomaterials 2009, 30, 6048-6054. 
60. Sahoo, S.; Chung, C.; Khetan, S.; Burdick, J. A. Biomacromolecules 2008, 9, 1088-1092. 
61. Li, Y. L.; Rodrigues, J.; Tomas, H. Chem. Soc. Rev. 2012, 41, 2193-2221. 
62. Feringa, B. L.; van Delden, R. A.; Koumura, N.; Geertsema, E. M. Chem. Rev. 2000, 100, 1789-
1816. 
63. Zhao, Y. R.; Zheng, Q.; Dakin, K.; Xu, K.; Martinez, M. L.; Li, W. H. J. Am. Chem. Soc. 2004, 
126, 4653-4663. 
64. Kharkar, P. M.; Kiick, K. L.; Kloxin, A. M. Chem. Soc. Rev. 2013, 42, 7335-7372. 
65. Kloxin, A. M.; Kasko, A. M.; Salinas, C. N.; Anseth, K. S. Science 2009, 324, 59-63. 
66. Kloxin, A. M.; Tibbitt, M. W.; Kasko, A. M.; Fairbairn, J. A.; Anseth, K. S. Adv. Mater. 2010, 
22, 61-66. 
67. Griffin, D. R.; Kasko, A. M. J. Am. Chem. Soc. 2012, 134, 13103-13107. 
68. McKinnon, D. D.; Brown, T. E.; Kyburz, K. A.; Kiyotake, E.; Anseth, K. S. Biomacromolecules 
2014, 15, 2808-2816. 
69. Lux, C. D.; Lux, J.; Collet, G.; He, S.; Chan, M. N.; Olejniczak, J.; Foucault-Collett, A.; 
Almutairi, A. Biomacromolecules 2015, 16, 3286-3296. 
70. Fomina, N.; McFearin, C. L.; Sermsakdi, M.; Morachis, J. M.; Almutairi, A. Macromolecules 
2011, 44, 8590-8597. 
71. Wong, D. Y.; Griffin, D. R.; Reed, J.; Kasko, A. M. Macromolecules 2010, 43, 2824-2831. 
72. Guvendiren, M.; Burdick, J. A. Nat. Commun. 2012, 3, 792. 
73. Burdick, J. A.; Prestwich, G. D. Adv. Mater. 2011, 23, 41-56. 
74. Rape, A. D.; Zibinsky, M.; Murthy, N.; Kumar, S. Nat. Commun. 2015, 6, 8129. 
75. Rosales, A. M.; Mabry, K. M.; Nehls, E. M.; Anseth, K. S. Biomacromolecules 2015, 16, 798-
806. 
76. Chujo, Y.; Sada, K.; Saegusa, T. Macromolecules 1990, 23, 2693-2697. 
77. Nagata, M.; Yamamoto, Y. React. Funct. Polym. 2008, 68, 915-921. 
78. Beharry, A. A.; Woolley, G. A. Chem. Soc. Rev. 2011, 40, 4422-4437. 
79. Tamesue, S.; Takashima, Y.; Yamaguchi, H.; Shinkai, S.; Harada, A. Angew. Chem.-Int. Edit. 
2010, 49, 7461-7464. 
80. Zhao, Y. L.; Stoddart, J. F. Langmuir 2009, 25, 8442-8446. 
81. Liao, X. J.; Chen, G. S.; Liu, X. X.; Chen, W. X.; Chen, F.; Jiang, M. Angew. Chem.-Int. Edit. 
2010, 49, 4409-4413. 
82. Wang, D. S.; Wagner, M.; Butt, H. J.; Wu, S. Soft Matter 2015, 11, 7656-7662. 
83. Peng, K.; Tomatsu, I.; Kros, A. Chem. Commun. 2010, 46, 4094-4096. 
84. Sumaru, K.; Ohi, K.; Takagi, T.; Kanamori, T.; Shinbo, T. Langmuir 2006, 22, 4353-4356. 
85. Wang, N.; Li, Y. M.; Zhang, Y. Y.; Liao, Y.; Liu, W. G. Langmuir 2014, 30, 11823-11832. 
86. ter Schiphorst, J.; Coleman, S.; Stumpel, J. E.; Ben Azouz, A.; Diamond, D.; Schenning, A. 
Chem. Mat. 2015, 27, 5925-5931. 
87. Klouda, L.; Mikos, A. G. Eur. J. Pharm. Biopharm. 2008, 68, 34-45. 
88. Ward, M. A.; Georgiou, T. K. Polymers 2011, 3, 1215-1242. 
89. Li, L.; Shan, H.; Yue, C. Y.; Lam, Y. C.; Tam, K. C.; Hu, X. Langmuir 2002, 18, 7291-7298. 
90. Huang, W. J.; Dalal, I. S.; Larson, R. G. J. Phys. Chem. B 2014, 118, 13992-14008. 
91. Urry, D. W. Sci.Am. 1995, 272, 64-69. 
92. MacEwan, S. R.; Chilkoti, A. Biopolymers 2010, 94, 60-77. 
Chapter 1 
28 
 
93. Bozec, L.; Odlyha, M. Biophys. J. 2011, 101, 228-236. 
94. Joly-Duhamel, C.; Hellio, D.; Djabourov, M. Langmuir 2002, 18, 7208-7217. 
95. Joly-Duhamel, C.; Hellio, D.; Ajdari, A.; Djabourov, M. Langmuir 2002, 18, 7158-7166. 
96. Chen, F. M.; Zhao, Y. M.; Sun, H. H.; Jin, T.; Wang, Q. T.; Zhou, W.; Wu, Z. F.; Jin, Y. J. 
Control. Release 2007, 118, 65-77. 
97. Digenis, G. A.; Gold, T. B.; Shah, V. P. J. Pharm. Sci. 1994, 83, 915-921. 
98. Schild, H. G. Prog. Polym. Sci. 1992, 17, 163-249. 
99. Stile, R. A.; Burghardt, W. R.; Healy, K. E. Macromolecules 1999, 32, 7370-7379. 
100. Zhang, Y. J.; Furyk, S.; Bergbreiter, D. E.; Cremer, P. S. J. Am. Chem. Soc. 2005, 127, 14505-
14510. 
101. Klouda, L.; Perkins, K. R.; Watson, B. M.; Hacker, M. C.; Bryant, S. J.; Raphael, R. M.; Kasper, 
F. K.; Mikos, A. G. Acta Biomater. 2011, 7, 1460-1467. 
102. Hacker, M. C.; Klouda, L.; Ma, B. B.; Kretlow, J. D.; Mikos, A. G. Biomacromolecules 2008, 
9, 1558-1570. 
103. Ekenseair, A. K.; Boere, K. W. M.; Tzouanas, S. N.; Vo, T. N.; Kasper, F. K.; Mikos, A. G. 
Biomacromolecules 2012, 13, 1908-1915. 
104. Ekenseair, A. K.; Boere, K. W. M.; Tzouanas, S. N.; Vo, T. N.; Kasper, F. K.; Mikos, A. G. 
Biomacromolecules 2012, 13, 2821-2830. 
105. Vo, T. N.; Ekenseair, A. K.; Kasper, F. K.; Mikos, A. G. Biomacromolecules 2014, 15, 132-
142. 
106. Tzouanas, S. N.; Ekenseair, A. K.; Kasper, F. K.; Mikos, A. G. J. Biomed. Mater. Res. Part A 
2014, 102, 1222-1230. 
107. Neradovic, D.; Hinrichs, W. L. J.; Kettenes-van den Bosch, J. J.; Hennink, W. E. Macromol. 
Rapid Commun. 1999, 20, 577-581. 
108. Overstreet, D. J.; Dhruv, H. D.; Vernon, B. L. Biomacromolecules 2010, 11, 1154-1159. 
109. Yu, C. J.; Duan, Z.; Yuan, P. X.; Li, Y. H.; Su, Y. W.; Zhang, X.; Pan, Y. P.; Dai, L. L.; Nuzzo, 
R. G.; Huang, Y. G.; Jiang, H. Q.; Rogers, J. A. Adv. Mater. 2013, 25, 1541-1546. 
110. Therien-Aubin, H.; Wu, Z. L.; Nie, Z. H.; Kumacheva, E. J. Am. Chem. Soc. 2013, 135, 4834-
4839. 
111. Lutz, J. F.; Akdemir, O.; Hoth, A. J. Am. Chem. Soc. 2006, 128, 13046-13047. 
112. Fechler, N.; Badi, N.; Schade, K.; Pfeifer, S.; Lutz, J. F. Macromolecules 2009, 42, 33-36. 
113. Petit, A.; Muller, B.; Meijboom, R.; Bruin, P.; van de Manakker, F.; Versluijs-Helder, M.; de 
Leede, L. G. J.; Doornbos, A.; Landin, M.; Hennink, W. E.; Vermonden, T. Biomacromolecules 
2013, 14, 3172-3182. 
114. Koepf, M.; Kitto, H. J.; Schwartz, E.; Kouwer, P. H. J.; Nolte, R. J. M.; Rowan, A. E. Eur. 
Polym. J. 2013, 49, 1510-1522. 
115. Weber, C.; Hoogenboom, R.; Schubert, U. S. Prog. Polym. Sci. 2012, 37, 686-714. 
116. Alexander, A.; Ajazuddin; Khan, J.; Saraf, S.; Saraf, S. J. Control. Release 2013, 172, 715-729. 
117. Vancoillie, G.; Frank, D.; Hoogenboom, R. Prog. Polym. Sci. 2014, 39, 1074-1095. 
118. Klouda, L. Eur. J. Pharm. Biopharm. 2015, 97, 338-349. 
119. Stowers, R. S.; Allen, S. C.; Suggs, L. J. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 1953-1958. 
120. Gorelikov, I.; Field, L. M.; Kumacheva, E. J. Am. Chem. Soc. 2004, 126, 15938-15939. 
121. Shiotani, A.; Mori, T.; Niidome, T.; Niidome, Y.; Katayama, Y. Langmuir 2007, 23, 4012-4018. 
Mechanical properties of responsive polymer hydrogels 
29 
 
122. Karg, M.; Pastoriza-Santos, I.; Perez-Juste, J.; Hellweg, T.; Liz-Marzan, L. M. Small 2007, 3, 
1222-1229. 
123. Fernandez-Lopez, C.; Polavarapu, L.; Solis, D. M.; Taboada, J. M.; Obelleiro, F.; Contreras-
Caceres, R.; Pastoriza-Santos, I.; Perez-Juste, J. ACS Appl. Mater. Interfaces 2015, 7, 12530-
12538. 
124. Nedelec, F. J.; Surrey, T.; Maggs, A. C.; Leibler, S. Nature 1997, 389, 305-308. 
125. Desai, A.; Mitchison, T. J. Annu. Rev. Cell Dev. Biol. 1997, 13, 83-117. 
126. Boekhoven, J.; Hendriksen, W. E.; Koper, G. J. M.; Eelkema, R.; van Esch, J. H. Science 2015, 
349, 1075-1079. 
127. Boekhoven, J.; Brizard, A. M.; Kowlgi, K. N. K.; Koper, G. J. M.; Eelkema, R.; van Esch, J. H. 
Angew. Chem.-Int. Edit. 2010, 49, 4825-4828. 
128. Debnath, S.; Roy, S.; Ulijn, R. V. J. Am. Chem. Soc. 2013, 135, 16789-16792. 
129. Pappas, C. G.; Sasselli, I. R.; Ulijn, R. V. Angew. Chem.-Int. Edit. 2015, 54, 8119-8123. 
130. Maiti, S.; Fortunati, I.; Ferrante, C.; Scrimin, P.; Prins, L. J. Nat. Chem. 2016, 8, 725-731. 
131. Keber, F. C.; Loiseau, E.; Sanchez, T.; DeCamp, S. J.; Giomi, L.; Bowick, M. J.; Marchetti, M. 
C.; Dogic, Z.; Bausch, A. R. Science 2014, 345, 1135-1139. 
132. von Maltzahn, G.; Min, D. H.; Zhang, Y. X.; Park, J. H.; Harris, T. J.; Sailor, M.; Bhatia, S. N. 
Adv. Mater. 2007, 19, 3579-3583. 
133. Yoshida, R. Adv. Mater. 2010, 22, 3463-3483. 
134. Zaikin, A. N.; Zhabotinsky, A. M. Nature 1970, 225, 535-537. 
135. Storm, C.; Pastore, J. J.; MacKintosh, F. C.; Lubensky, T. C.; Janmey, P. A. Nature 2005, 435, 
191-194. 
136. Claessens, M.; Semmrich, C.; Ramos, L.; Bausch, A. R. Proc. Natl. Acad. Sci. U. S. A. 2008, 
105, 8819-8822. 
137. Claessens, M.; Bathe, M.; Frey, E.; Bausch, A. R. Nat. Mater. 2006, 5, 748-753. 
138. Mackintosh, F. C.; Kas, J.; Janmey, P. A. Phys. Rev. Lett. 1995, 75, 4425-4428. 
139. Lin, Y. C.; Yao, N. Y.; Broedersz, C. P.; Herrmann, H.; MacKintosh, F. C.; Weitz, D. A. Phys. 
Rev. Lett. 2010, 104, 058101. 
140. Jaspers, M.; Dennison, M.; Mabesoone, M. F. J.; MacKintosh, F. C.; Rowan, A. E.; Kouwer, P. 
H. J. Nat. Commun. 2014, 5, 5808. 
141. Broedersz, C. P.; Kasza, K. E.; Jawerth, L. M.; Munster, S.; Weitz, D. A.; MacKintosh, F. C. 
Soft Matter 2010, 6, 4120-4127. 
142. Janmey, P. A.; McCormick, M. E.; Rammensee, S.; Leight, J. L.; Georges, P. C.; Mackintosh, 
F. C. Nat. Mater. 2007, 6, 48-51. 
143. Conti, E.; MacKintosh, F. C. Phys. Rev. Lett. 2009, 102, 4. 
144. Onck, P. R.; Koeman, T.; van Dillen, T.; van der Giessen, E. Phys. Rev. Lett. 2005, 95, 178102. 
145. van Dillen, T.; Onck, P. R.; Van der Giessen, E. J. Mech. Phys. Solids 2008, 56, 2240-2264. 
146. Lieleg, O.; Claessens, M.; Heussinger, C.; Frey, E.; Bausch, A. R. Phys. Rev. Lett. 2007, 99, 
088102. 
147. Kang, H.; Wen, Q.; Janmey, P. A.; Tang, J. X.; Conti, E.; MacKintosh, F. C. J. Phys. Chem. B 
2009, 113, 3799-3805. 
148. Motte, S.; Kaufman, L. J. Biopolymers 2013, 99, 35-46. 
149. Zagar, G.; Onck, P. R.; van der Giessen, E. Biophys. J. 2015, 108, 1470-1479. 
Chapter 1 
30 
 
150. Legant, W. R.; Miller, J. S.; Blakely, B. L.; Cohen, D. M.; Genin, G. M.; Chen, C. S. Nat. 
Methods 2010, 7, 969-971. 
151. Jansen, K. A.; Bacabac, R. G.; Piechocka, I. K.; Koenderink, G. H. Biophys. J. 2013, 105, 2240-
2251. 
152. Gardel, M. L.; Kasza, K. E.; Brangwynne, C. P.; Liu, J. Y.; Weitz, D. A., Mechanical Response 
of Cytoskeletal Networks. In Biophysical Tools for Biologists, Vol 2: In Vivo Techniques, 
Correia, J. J.; Detrich, H. W., Eds. Elsevier Academic Press Inc: San Diego, 2008; Vol. 89, pp 
487-519. 
153. Gittes, F.; Mickey, B.; Nettleton, J.; Howard, J. J. Cell Biol. 1993, 120, 923-934. 
154. Gardel, M. L.; Shin, J. H.; MacKintosh, F. C.; Mahadevan, L.; Matsudaira, P.; Weitz, D. A. 
Science 2004, 304, 1301-1305. 
155. Head, D. A.; Levine, A. J.; MacKintosh, F. C. Phys. Rev. Lett. 2003, 91, 108102. 
156. Liu, J.; Koenderink, G. H.; Kasza, K. E.; MacKintosh, F. C.; Weitz, D. A. Phys. Rev. Lett. 2007, 
98, 198304. 
157. Bustamante, C.; Marko, J. F.; Siggia, E. D.; Smith, S. Science 1994, 265, 1599-1600. 
158. Mucke, N.; Kreplak, L.; Kirmse, R.; Wedig, T.; Herrmann, H.; Aebi, U.; Langowski, J. J. Mol. 
Biol. 2004, 335, 1241-1250. 
159. Herrmann, H.; Aebi, U. Annu. Rev. Biochem. 2004, 73, 749-789. 
160. Yao, N. Y.; Broedersz, C. P.; Lin, Y. C.; Kasza, K. E.; MacKintosh, F. C.; Weitz, D. A. Biophys. 
J. 2010, 98, 2147-2153. 
161. Lin, Y. C.; Koenderink, G. H.; MacKintosh, F. C.; Weitz, D. A. Macromolecules 2007, 40, 
7714-7720. 
162. Huber, F.; Boire, A.; Lopez, M. P.; Koenderink, G. H. Curr. Opin. Cell Biol. 2015, 32, 39-47. 
163. Gordon, M. K.; Hahn, R. A. Cell Tissue Res. 2010, 339, 247-257. 
164. Yang, Y. L.; Leone, L. M.; Kaufman, L. J. Biophys. J. 2009, 97, 2051-2060. 
165. Kurniawan, N. A.; Wong, L. H.; Rajagopalan, R. Biomacromolecules 2012, 13, 691-698. 
166. Vader, D.; Kabla, A.; Weitz, D.; Mahadevan, L. PLoS One 2009, 4, 1-12. 
167. Licup, A. J.; Munster, S.; Sharma, A.; Sheinman, M.; Jawerth, L. M.; Fabry, B.; Weitz, D. A.; 
MacKintosh, F. C. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 9573-9578. 
168. Laurens, N.; Koolwijk, P.; De Maat, M. P. M. J. Thromb. Haemost. 2006, 4, 932-939. 
169. Shah, J. V.; Janmey, P. A. Rheol. Acta 1997, 36, 262-268. 
170. Liu, W.; Jawerth, L. M.; Sparks, E. A.; Falvo, M. R.; Hantgan, R. R.; Superfine, R.; Lord, S. T.; 
Guthold, M. Science 2006, 313, 634-634. 
171. Brown, A. E. X.; Litvinov, R. I.; Discher, D. E.; Purohit, P. K.; Weisel, J. W. Science 2009, 
325, 741-744. 
172. Di Stasio, E.; Nagaswami, C.; Weisel, J. W.; Di Cera, E. Biophys. J. 1998, 75, 1973-1979. 
173. Piechocka, I. K.; Bacabac, R. G.; Potters, M.; MacKintosh, F. C.; Koenderink, G. H. Biophys. 
J. 2010, 98, 2281-2289. 
174. Piechocka, I. K.; Jansen, K. A.; Broedersz, C. P.; Kurniawan, N. A.; MacKintosh, F. C.; 
Koenderink, G. H. Soft Matter 2016, 12, 2145-2156. 
175. Bruekers, S. M. C.; Jaspers, M.; Hendriks, J. M. A.; Kurniawan, N. A.; Koenderink, G. H.; 
Kouwer, P. H. J.; Rowan, A. E.; T. S. Huck, W. Cell Adh. Migr. 2016, 10, 495-504. 
176. Karakutuk, I.; Ak, F.; Okay, O. Biomacromolecules 2012, 13, 1122-1128. 
177. Leisk, G. G.; Lo, T. J.; Yucel, T.; Lu, Q.; Kaplan, D. L. Adv. Mater. 2010, 22, 711-715. 
Mechanical properties of responsive polymer hydrogels 
31 
 
178. Jin, H. J.; Kaplan, D. L. Nature 2003, 424, 1057-1061. 
179. Martens, A. A.; Portale, G.; Werten, M. W. T.; de Vries, R. J.; Eggink, G.; Stuart, M. A. C.; de 
Wolf, F. A. Macromolecules 2009, 42, 1002-1009. 
180. Martens, A. A.; van der Gucht, J.; Eggink, G.; de Wolf, F. A.; Stuart, M. A. C. Soft Matter 2009, 
5, 4191-4197. 
181. Rombouts, W. H.; Giesbers, M.; van Lent, J.; de Wolf, F. A.; van der Gucht, J. 
Biomacromolecules 2014, 15, 1233-1239. 
182. Nowak, A. P.; Breedveld, V.; Pine, D. J.; Deming, T. J. J. Am. Chem. Soc. 2003, 125, 15666-
15670. 
183. Nowak, A. P.; Breedveld, V.; Pakstis, L.; Ozbas, B.; Pine, D. J.; Pochan, D.; Deming, T. J. 
Nature 2002, 417, 424-428. 
184. Desbrieres, J.; Hirrien, M.; Ross-Murphy, S. B. Polymer 2000, 41, 2451-2461. 
185. Lott, J. R.; McAllister, J. W.; Arvidson, S. A.; Bates, F. S.; Lodge, T. P. Biomacromolecules 
2013, 14, 2484-2488. 
186. Lott, J. R.; McAllister, J. W.; Wasbrough, M.; Sammler, R. L.; Bates, F. S.; Lodge, T. P. 
Macromolecules 2013, 46, 9760-9771. 
187. McKee, J. R.; Hietala, S.; Seitsonen, J.; Laine, J.; Kontturi, E.; Ikkala, O. ACS Macro Lett. 2014, 
3, 266-270. 
188. McAllister, J. W.; Lott, J. R.; Schmidt, P. W.; Sammler, R. L.; Bates, F. S.; Lodge, T. P. ACS 
Macro Lett. 2015, 4, 538-542. 
189. Erk, K. A.; Henderson, K. J.; Shull, K. R. Biomacromolecules 2010, 11, 1358-1363. 
190. Guvendiren, M.; Shull, K. R. Soft Matter 2007, 3, 619-626. 
191. Erk, K. A.; Shull, K. R. Macromolecules 2011, 44, 932-939. 
192. Erk, K. A.; Martin, J. D.; Hu, Y. T.; Shull, K. R. Langmuir 2012, 28, 4472-4478. 
193. Kouwer, P. H. J.; Koepf, M.; Le Sage, V. A. A.; Jaspers, M.; van Buul, A. M.; Eksteen-Akeroyd, 
Z. H.; Woltinge, T.; Schwartz, E.; Kitto, H. J.; Hoogenboom, R.; Picken, S. J.; Nolte, R. J. M.; 
Mendes, E.; Rowan, A. E. Nature 2013, 493, 651-655. 
194. Cornelissen, J.; Donners, J.; de Gelder, R.; Graswinckel, W. S.; Metselaar, G. A.; Rowan, A. 
E.; Sommerdijk, N.; Nolte, R. J. M. Science 2001, 293, 676-680. 
195. van Buul, A. M.; Schwartz, E.; Brocorens, P.; Koepf, M.; Beljonne, D.; Maan, J. C.; Christianen, 
P. C. M.; Kouwer, P. H. J.; Nolte, R. J. M.; Engelkamp, H.; Blank, K.; Rowan, A. E. Chem. Sci. 
2013, 4, 2357-2363. 
196. Jaspers, M.; Pape, A. C. H.; Voets, I. K.; Rowan, A. E.; Portale, G.; Kouwer, P. H. J. 
Biomacromolecules 2016, 17, 2642-2649. 
 
  
Chapter 1 
32 
 
 
2 
 
Ultra-responsive soft matter from strain stiffening 
hydrogels 
 
Abstract 
The stiffness of hydrogels is crucial for their applications. Nature’s hydrogels become stiffer as they are 
strained, so their stiffness is not a constant value but increases in response to an applied stress. This 
stiffening response is used, for instance, by cells that actively strain their environment to modulate their 
function. When optimised, such strain stiffening hydrogels become extremely sensitive and very 
responsive to stress. Strain stiffening, however is unexplored in synthetic hydrogels since the structural 
design parameters are unknown. In this chapter, we uncover how readily tuneable parameters such as 
polymer concentration, polymer length and temperature impact the stiffening behaviour. This work also 
reveals the marginal point, a well-described, but never observed, critical point in the gelation process. 
Around this critical point, a transition from a low-viscous liquid to an elastic gel is observed upon 
applying minute stresses. The experimental work described in this chapter in combination with network 
theory yields universal design principles for future strain stiffening materials. 
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2.1 Introduction 
Mechano-responsive hydrogels are very common in nature; for example gels based on actin, collagen, 
fibrin, intermediate filaments and many more proteins and carbohydrates display mechanical properties 
that are not only dependent on their biochemical environment, but also show an immediate response to 
deformation.1, 2 Many of these hydrogels show strain stiffening, they become stiffer as the stress or strain 
in the material increases, which for instance aids in the protection of tissues from rupture and in long-
distance cell-cell communication.1, 3 Typically, these biopolymers show a universal structural design 
element: they are relatively stiff and assemble into bundles or fibrils of defined dimensions.4, 5 This 
results in both a high sensitivity and a high responsiveness towards stress for hydrogels based on these 
biopolymers. 
In contrast to these biological gels, synthetic hydrogels including many artificial extracellular matrices 
are generally not (or at most very weakly) responsive to stress and their stiffness is constant over the 
entire relevant stress range.6, 7 If stiffening behaviour is observed at all, it is found at very high stresses 
and for most hydrogels, this is commonly far beyond the rupture stress of the material. It is surprising 
that, despite the general consensus on the crucial role of mechanics in biomedical processes,7-12 the 
stiffening aspect and in particular the difference in behaviour of biological and synthetic hydrogels has 
remained largely overlooked.13-15 As a result, the relations between common network parameters and 
conditions with mechanical responsiveness are only available from studies on biopolymer gels1, 2, 16 
(with highly limited parameter space) or from theory and simulations.17 
Recently, we reported a fully synthetic hydrogel that uniquely stiffens in the same stress and strain 
regime as biopolymer hydrogels.18 In this chapter we exploit the broad scope for manipulation that 
synthetic materials offer and describe the effect of common, easily controllable variables (concentration, 
polymer length and temperature) on the mechanical properties of semi-flexible polymer hydrogels. We 
show for instance that at sufficient stress, a universal mechanical response is observed, which means 
that sometimes, counterintuitively, stiffer materials can be obtained at lower polymer concentrations. 
Moreover, the thermoresponsive nature of this hydrogel allows us to precisely control the crosslink 
density, a tool to enter the marginal regime that is the regime where the fluid polymer solution turns into 
an elastic gel. The work presented here in this experimentally unexplored regime agrees quantitatively 
with theory and simulation results of semi-flexible networks.19 This excellent agreement emphasises 
that our results are not specific for our polymer hydrogels only, but will be generally applicable for the 
design of other mechanically responsive soft matter. 
 
2.2 Results and Discussion 
 
2.2.1 Materials 
The biomimetic strain stiffening hydrogels used are based on tri(ethylene glycol)-functionalized 
polyisocyanides P1a-g (PICs, Figure 2.1). The polymers were synthesised and characterised using a 
slightly modified literature procedure (experimental section).18, 20 Variation of the monomer/catalyst 
ratio in the polymerization reaction mixture gave control over the polymer length (Table 2.1). 
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Figure 2.1. Molecular structure of the tri(ethylene glycol)-substituted polyisocyanides. In purple the polymer 
backbone of 270‐1430 repeat units. Every carbon atom holds a substituent, composed of a dipeptide (Ala‐Ala, red) 
and a short methyl‐terminated tri(ethylene glycol) tail (blue). 
 
Table 2.1. Molecular weights Mv, distributions and lengths of the investigated PIC polymers. 
 Mv PDI[a] n[b] L[c] 
 (kg mol–1)   (nm) 
P1a 86 — 272 34 
P1b 140 — 443 55 
P1c 195 1.3 617 77 
P1d 277 1.4 877 110 
P1e 339 1.4 1073 134 
P1f 400 1.4 1266 158 
P1g 452 1.3 1430 179 
[a] The polymer dispersity index (PDI), showing the molecular weight distributions of the polymers was similar 
for all materials and was determined by statistical analysis of AFM images. The PDIs of the shorter polymers 
could not reliably be obtained using this method. 
[b] Degree of polymerisation. 
[c] The calculated polymer contour length is based on the dimensions of the helical structure of the polymer.21 As 
an example, the viscosity molecular weight Mv = 400 kg mol‐1 of P1f corresponds to chains of on average n ≈ 1300 
monomers with a contour length L ≈ 160 nm. 
 
The average polymer length was characterised by viscometry and atomic force microscopy (AFM) 
studies (Figure 2.2) since standard polymer length characterisation techniques based on separation by 
GPC or FFF gave unreliable results (poor separation), possibly due to the high backbone stiffness of the 
helical PICs. We used viscometry data (available over the entire molecular weight range) in combination 
with the Mark-Houwink equation (see experimental section) to determine average molecular weights 
and AFM data to determine distributions. As such, seven polymers were prepared with molecular 
weights ranging from Mv = 80-450 kg mol–1, equivalent to average contour lengths L of 30-180 nm.21 
To prepare a hydrogel, a small amount of polymer (typically 1 mg) is dissolved in cold water (1 mL) by 
stirring for 24 hrs in a cold room at 4 °C and subsequently heating the solution beyond the gelation 
temperature, which is polymer length and (weakly) concentration dependent. The thermoreversible 
gelation process is the result of hydrophobic effects of the tri(ethylene glycol) side chains.22 At the lower 
critical solution temperature (LCST), the polymer becomes hydrophobic and forms the entangled 
bundles of polymer chains of which the hydrogel is composed. 
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Figure 2.2. Molecular weight of the PIC polymers as a function of the monomer/catalyst ratio used during the 
polymerization reaction. Solid dots correspond to the viscosity average molecular weight Mv, determined by 
viscometry, open dots and squares correspond to the number average molecular weight Mn and the weight average 
molecular weight Mw respectively, determined by AFM imaging. 
 
2.2.2 Mechanical analysis 
In strain stiffening materials, the plateau shear modulus G0, defined as the ratio between the stress σ and 
the strain γ is not a constant value but increases with increasing stress (or strain) after a critical stress σc 
is reached (Figure 2.3a and b). To more accurately describe the mechanical behaviour of strain stiffening 
hydrogels, we use the differential modulus K′ = δσ/δγ and define a low stress linear regime where K′ = 
G0 and a higher stress stiffening regime where the modulus depends on σ (Figure 2.3b). This introduces 
two additional important parameters: the critical stress σc and stiffening index m (Figure 2.3b). The 
former is the stress onset for nonlinearity and determines the sensitivity of the material; a low σc yields 
a high mechanical sensitivity. The latter index m represents the (intensity of the) stress response. Indeed, 
biological hydrogels are commonly characterised by these three parameters. For instance, a typical actin 
hydrogel has a relatively high plateau modulus, a low critical stress (very sensitive to small stresses) and 
a high stiffening index (large stiffening response).2 Contrarily, a fibrin hydrogel at similar concentrations 
has a much lower G0, a higher σc, and m, in fact, is a function of the applied stress resulting from the 
hierarchical organisation of the protein assembly.23, 24 
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Figure 2.3. Strain stiffening of a polyisocyanopeptide hydrogel. (a) Stress‐strain curve of polymer P1f (c = 1 mg 
mL-1, T = 37 °C) in a stress ramp. (b) The stiffness represented as the differential modulus K′ ≡ δσ/δγ as a function 
of stress σ for the same polymer. At low stress, K′ = G0 the plateau modulus, but beyond a critical stress σc, K′ 
increases, following K′ ∝ σm where the exponent m is the stiffening index. (c) The thermally induced gelation 
process is unmistakably observed by plotting G0 vs temperature T. We define the gel point as the onset of modulus 
increase, here at T = 19 °C. 
 
The experimental data of the P1f hydrogel (Figure 2.3a and b) shows that for the PIC hydrogels, σc lies 
well into the biologically accessible range15 (the forces that cells can apply to their matrix) and that the 
response to stress and other external factors such as temperature (Figure 2.3c) is large. In the following 
paragraphs, we demonstrate how the mechanical parameters stiffness G0, sensitivity σc and 
responsiveness m can be controlled by the variables temperature T, polymer length L and concentration 
c. Can one, for instance, independently tune G0 and σc to give stiffer, but nonetheless more sensitive 
materials? How do T, L and c impact the strength of the response? Or more generally, what are the 
important design parameters to create highly mechanically responsive materials and how should one 
access these highly responsive regimes? 
We performed macroscopic rheology to determine the mechanical properties of the hydrogels in both 
the linear and the nonlinear regime. The nonlinear regime was studied using a pre-stress protocol, where 
the sample at the desired temperature was subjected to a constant pre-stress with a small oscillatory 
stress superposed.25 We compare our experimental results to a model designed to describe the linear and 
nonlinear mechanical properties of semi-flexible polymer networks.2, 26 The model we use assumes no 
network relaxation over the timespan of the experiment. Chemically crosslinked networks commonly 
hold to this assumption, but for physically crosslinked hydrogels this is not always the case. We 
experimentally verified by low-frequency rheological measurements that the PIC hydrogel does not 
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relax on a time scale ten times the measurement time, even in the very soft regimes, close to the gel 
point. This model describes G0 and σc quantitatively as a function of the polymer (or filament) 
concentration c and persistence length lp, the temperature T and the distance between crosslinks in the 
network lc: 
 
3
c
2
p
B0 6 l
l
TkG ρ=  and 2
c
p
Bc l
l
Tkρσ =                 (2.1) 
 
where the polymer density in length per volume ρ = χc/N and χ includes molecular constants,18 N is the 
number of polymer chains per bundle and kB is Boltzmann’s constant. PIC networks show a finite 
bundling behaviour in the gel (independent of polymer concentration)27 and a thermal stiffening of the 
polymer chains. At our default polymer concentrations (c = 0.1 - 5 mg mL-1) where lc approximates the 
mesh size, equation 2.1 can be approximated as: 
 
( ) )(2p,0B530 TTlkcNTG ∝  and ( ) )(p,0B2c TTlkcT ∝σ                (2.2) 
 
where lp,0 is the persistence length of a single polymer chain rather than the polymer bundle.18 
 
2.2.3 Concentration dependence 
The easiest method to change the mechanical properties of any hydrogel is to vary the concentration c 
of the constituent polymer. A concentration study of P1f (L = 158 nm) reveals that, indeed, the plateau 
modulus G0 and critical stress σc are strongly dependent on c (Figure 2.4). Plotting the differential 
modulus K′ against stress σ as a function of polymer concentration (Figure 2.4a) clearly shows for all 
samples a linear regime at low σ and a nonlinear regime at higher σ. In addition, the absolute values of 
G0 and σc increase with c and scaling analysis shows a square dependence with c for both (Figure 2.4b), 
which corresponds to theoretical and literature values.2, 26, 28 All the curves collapse to a single master 
curve when scaled against G0 and σc (Figure 2.4c). This plot suggests that a stiffening index m = 3/2 is 
reached only at high stresses, as was observed previously at elevated temperatures.16 The 3/2 exponent 
is the upper limit for m and is associated to entropic stretching of a semi-flexible polymer chain along 
its length. Data recorded at 25 °C, only a few degrees away from Tgel, however, showed lower stiffening 
indices. For all concentrations, m ≈ 1 at stresses close to σc (blue line Figure 2.4c and blue squares Figure 
2.4d), whilst m increases at higher stresses. Hence, at a specific stress, for instance σ = 10 Pa (red line 
Figure 2.4a), m decreases for samples with increasing σc (closer to 10 Pa) and thus with increasing 
concentration (red circles Figure 2.4d). In other words, not only does the gel become less mechanically 
sensitive at higher polymer concentration, also its stiffening in response to stress becomes weaker. 
This seemingly straightforward series of experiments yields two important insights. Firstly, at high stress 
all hydrogels have similar stiffnesses, nearly independent of the polymer concentration. This is 
particularly important for biomedical applications of hydrogels, where both morphology and stiffness 
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are key for their application.12 When cells stiffen their own matrix by applying stress,15 an increase in 
concentration may not contribute to an increase in stiffness of the mechanical (micro)environment.29 
Secondly, the polymer concentration as a variable equally affects the plateau modulus and the critical 
stress, which means that hydrogels with higher elastic moduli inevitably become less sensitive to stress. 
This renders the polymer concentration a relatively ineffective tool to flexibly design the mechanical 
properties of a strain stiffening hydrogel. 
 
 
Figure 2.4 Mechanical properties of PIC hydrogels (P1f, T = 25 °C) as a function of polymer concentration. (a) 
Differential modulus as a function of stress at different polymer concentrations. Note that the y‐axis spans three 
orders of magnitude in stiffness with a concentration range of only one order of magnitude. The dashed red line at 
σ = 10 Pa indicates where m was determined. (b) Plateau modulus G0, (orange) and critical stress σc (purple) against 
polymer concentration. The solid lines are power law fits and show that both scale with c2.0. (c) Scaling K′ with G0 
and σ with σc causes a collapse of the data to a single master curve that shows K′ ∝ σ3/2 only at high stresses. The 
blue dashed line shows the point close to σc where m was determined. (d) Stiffening index m as a function of 
polymer concentration. When determined close to σc (blue squares), m is similar for all concentrations; when 
determined at a given stress (red circles, σ = 10 Pa), m is higher for lower concentration gels (since at lower c, σc 
is much lower and thus σ-σc will be higher). Note that the concentration axes in panel b and panel d have 
logarithmic scales. 
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2.2.4 Chain length dependence 
Another readily accessible variable available to polymer chemists is the molecular weight or the length 
of the polymers. Polymers P1a-P1g, obtained by polymerisations with different monomer/catalyst 
ratios, have contour lengths L = 34-179 nm with similar chain length distributions (Table 2.1 and Figure 
2.2). We experimentally investigated the effect of the polymer chain length on the linear and nonlinear 
mechanical properties of the resulting hydrogels, keeping the concentration of the polymers constant at 
c = 1 mg mL-1 (Fig. 2.5). 
For covalently crosslinked hydrogels of either flexible or semi-flexible polymers, the critical length 
scale that determines the stiffness is not the chain length, but the length between crosslinks lc, which is 
predominantly controlled by the polymer concentration and the crosslink density. Recent computational 
simulations on semi-flexible polymer gels, however, indicated that the gel stiffness will also depend on 
chain contour length L for relatively short and flexible polymers, whilst for longer or stiffer polymers 
no dependency was observed.30 Experimentally, we observe that the PIC polymers require a minimum 
contour length to form hydrogels of sufficient strength to investigate linearly or nonlinearly. Gels of the 
shortest polymer P1a were too weak to measure reliably, and gels of P1b ruptured at increased stress. 
Polymers P1c–P1g, however, show a clear linear and nonlinear regime (Figure 2.5a), where both the 
linear stiffness G0 and critical stress σc increase with increasing L. Again, at high stresses all hydrogels 
behave similarly. 
With the polymer length, also the gelation temperature changes (Figure 2.5b), where the shorter 
polymers have a higher Tgel. This increase in Tgel is tentatively attributed to a delayed bundling process 
for the shorter polymer chains. At three different temperatures (dashed lines in Figure 2.5b), G0 (Figure 
2.5c) and σc (Figure 2.5d) were recorded for the hydrogels with different length polymers. The observed 
dependencies: G0 ∝ L2 and σc ∝ L are in perfect agreement with theoretical predictions for relatively 
short semi-flexible polymers.30 However, good fits are obtained only when a minimum cut-off length 
Lmin ≈ 35 nm is considered, indicating a lower length limit for efficient network formation. We 
emphasize that Lmin is unrelated to the mesh size of the gel at this concentration, which for these materials 
is 3-4 times larger. The inability of P1a (with an average polymer contour length of L = 34 nm) to form 
hydrogels supports the model of a minimum required polymer length. The different scaling response to 
G0 and σc makes L (compared to c) a far more effective parameter to tune the mechanical properties of 
a strain stiffening hydrogel. 
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Figure 2.5. Molecular weight dependence of the mechanical properties of PIC hydrogels (at c = 1 mg mL–1). (a) 
Differential modulus as a function of stress for polymers with a different average contour length L at T = 37 °C. 
The solid line shows the high stress limit m = 3/2. (b) Plateau modulus G0 as a function of temperature for hydrogels 
of polymers with different lengths. (c) Data extracted from panel b: G0 as a function of L at T = 37, 45 and 55 °C. 
The solid line shows quadratic fits to (L–Lmin), where fitting parameter Lmin represents a minimum polymer length 
(see main text). (d) The critical stress σc as function of L at the same temperatures. Here, the solid lines are linear 
fits to (L–Lmin). 
 
2.2.5 Temperature dependence 
The largest change in properties in PIC-based hydrogels is thermally induced. The PIC polymers form 
low-viscosity solutions at low temperatures and elastic hydrogels when heated beyond their gelation 
temperature. Hydrophobic interactions of the tri(ethylene glycol) substituents are responsible for this 
lower critical solution temperature behaviour, which has also been observed in other ethylene glycol-
functionalized polymers.22 All mechanical properties change drastically in the (reversible) transition 
from a liquid to a hydrogel and we will discuss three regimes separately: in the hydrogel phase (high T), 
in the liquid to gel transition, and just below this transition (low T). The overall mechanical properties 
show that upon increasing the temperature, both the plateau modulus and the critical stress increase 
(Figure 2.6a). At high stress however, the data at different temperatures all collapse to a single curve, 
similar to what was observed in the concentration and length dependent studies. 
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The plateau modulus G0 in the elastic gel regime shows a dual thermal response (Figure 2.6b). Network 
theory predicts a linear dependence on T, associated with thermal fluctuations of the polymer chains. 
When the thermal fluctuations increase, it becomes more difficult to stretch the polymer chains and 
hence, the stiffness of the gel increases.26 A second, exponential contribution originates from the 
stiffening of the single polymer chains (increase in lp,0) themselves with T, as was established earlier for 
the PIC hydrogels.18 Both factors together contribute to the plateau modulus as: 
 
           ( ) TTeTTlkTG β22p,0B0 )( ∝∝                 (2.3) 
 
For P1f, we find β ≈ 0.084 K–1 (Figure 2.6b), which means that the gel stiffness doubles every ~4 °C. In 
and below the gelation transition, G0 decreases rapidly until at low temperatures it becomes difficult to 
measure G0 accurately due to the limitations of our experimental set-up. 
The critical stress similarly depends on T and lp,0(T) and is expected to scale as kBTeβT, as was also 
observed experimentally (Figure 2.6c, pink data) with a similar exponent β = 0.088 K–1. The temperature 
increases the plateau modulus more than the critical stress, which results in a decrease in the critical 
strain γc with T: 
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Indeed, we observe experimentally (Figure 2.6c, blue data) that at elevated temperatures only very small 
deformations (γc,T=37°C = 8%) are required to enter the nonlinear, responsive regime, whilst at lower T 
these deformations must be much higher (γc,T=22°C = 25%). The absolute value of the critical strain in a 
semi-flexible hydrogel can further be tuned by the polymer length L, where for increased L a decrease 
in γc is expected based on Equation 2.4. Again, changing the polymer concentration will be less effective 
as both σc and G0 scale similarly with c (Figure 2.4b). The exponential decrease in γc given by β, 
however, is a molecular property of the PICs that cannot be altered by changing L or c. In contrast to 
G0, σc and γc, the stiffening index m is only weakly temperature dependent in the hydrogel regime at 
elevated temperatures (Figure 2.6d). 
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Figure 2.6. Temperature dependence of the mechanical properties of a P1f hydrogel (c = 1 mg mL-1). (a) 
Differential modulus K′ as a function of stress at different temperatures. The solid line shows the high stress limit 
m = 3/2. (b) Plateau modulus G0 as a function of temperature T (linear scale). In the hydrogel phase at T ≥ 22 °C, 
G0 increases exponentially with T over the investigated temperature window; the solid line is a fit to Te2βT with β 
≈ 0.08 K–1. At T ≤ 22 °C, G0 increases strongly with T, corresponding to the transition from liquid to gel. (c) 
Critical stress σc (pink circles) and critical strain γc (blue squares) as a function of T; the solid lines are fits to TeβT 
and e–βT with β ≈ 0.08 K–1. Both σc and γc show a sharp decrease at T ≤ 22 °C. (d) The stiffening index m as a 
function of T clearly shows three regimes. In the high temperature regime, m weakly scales linearly with T, around 
the marginal regime (see main text), m sharply decreases while m restores to 0.9 on further decreasing T. The 
values for m were recorded at stresses close to the critical stress (at σ = 3σc). At higher stress, in particular at high 
temperature, m will approach 1.5,16 but such stresses are impossible to apply at temperatures close to Tgel because 
the gel will break. 
 
We also measured the mechanical properties of the aqueous materials during the gelation transition (T 
= 19-22 °C) and even before gelation, when the material is a low-viscous dilute polymer solution (T = 
17-19 °C). At even lower temperatures, instrument inertia dominates our rheological data, which renders 
our results unreliable. In the entropically driven phase transition, the connectivity (that is the number of 
crosslinks) of the network will rapidly change as a function of T. This causes G0 to increase by a factor 
10 over only 5 °C (Figure 2.6b) and σc even more (Figure 2.6c). As a result, γc shows a maximum 
precisely at the temperature where the network is fully established. This is an important factor in 
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designing soft, highly deformable networks, as the stiffness of the materials rapidly increases when 
strained beyond the critical strain. 
The stiffening index m, the strength of the mechanical response to an applied stress, shows two 
additional regimes. When cooling from 22 °C, it rapidly decreases to m ≈ 0.6. By decreasing the 
connectivity in a network, simulations have found anomalous behaviour at the critical point, which is 
the connectivity at which the network becomes mechanically floppy. This point, called the marginal 
point, is predicted to show a decreased stiffening index (m = 0.5). So far, marginal materials have been 
described only in theory and by simulations19 and no experimental polymer network has validated these 
predictions yet. The PIC hydrogels are the first materials that display some of the predicted 
characteristics.31 An additional prediction is a vanishing σc (also experimentally observed in the PIC 
hydrogel, Figure 2.6c) which makes the material in and around the marginal point extremely stress 
sensitive and allows the design of materials that in a small stress (or strain) regime can span two or three 
orders of magnitude in stiffness. 
Upon further lowering T, m increases again to approximately 0.9. In this “pre-marginal” regime, no 
percolated polymer network is yet formed, but stress applied to the semi-flexible polymer chains induces 
network formation. Simulations show that m should reach unity eventually,31 but we were unable to 
experimentally probe deeper in the pre-marginal regime. The material at this temperature range has 
extremely interesting properties. At low stress or deformation, it behaves as a fluid and it can be poured 
from a vial. Rheologically, we see that the viscous properties dominate the elastic properties with G′′ > 
G′ at T < 19 °C. As the nonlinear strain-stiffening behaviour is still present in the material, however, the 
elasticity increases steeply upon applying stress. Since, in addition, the critical stress is very small 
(σc,T=17°C < 0.05 Pa), the threshold for stiffening is virtually absent and the solution transforms in an 
elastic solid at very low stresses. Finally, the relatively high stiffening index in this regime causes the 
stiffness to increases rapidly on further increasing the stress. Even at relatively low stresses in the order 
of 1 Pa, K′ has already increased by an order of magnitude. This makes marginal, but even more so pre-
marginal “gels” or polymer solutions, extremely sensitive and also very responsive to stress. Such 
materials could also be interesting for tissue engineering applications when one considers that cells can 
easily apply forces of such magnitude to their environment, and thus can manipulate the local 
mechanical properties of their surrounding matrix. 
 
2.2.6 General discussion 
The controlled manipulation of the linear and nonlinear mechanical properties of a hydrogel is a complex 
task. Changing a variable such as concentration affects all three mechanical parameters G0, σc and m. In 
addition, important biological parameters, such as the network pore size also change. This makes it 
difficult to make appropriate comparisons within a series, let alone between different series of hydrogels. 
A thorough study of these different dependencies, however allows one to profit from this complex 
behaviour. As an example, the stronger increase of G0 (quadratic) compared to σc (linear) with L presents 
an opportunity to develop specific materials properties, such as series of materials with a constant 
stiffness, but with a different sensitivity (and response) to stress. When keeping L x c constant, G0 
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remains constant, but σc varies with their ratio (Figure 2.7). Changing the value of L x c results in 
different (constant) linear moduli, but in the same overall behaviour. Analogously, one can prepare 
series of materials with the same critical stress (keeping L1/2 x c constant) but varying linear modulus. 
This example of a combined length-concentration approach allows for full control over stiffness and 
mechanical sensitivity in soft matter, much more than what would be possible with a single variable. 
One can easily imagine, however, that also other combinations of variables can be used to obtain 
mechanical control at a similar level. 
 
 
Figure 2.7. Interpolated mechanical properties of hydrogels with a constant plateau modulus and varying 
sensitivity to stress. When in a series of gels the product L x c is constant, G0 will remain constant, but σc will 
change. Here, we selected four series of constant G0 in the range 10-1000 Pa (squares) and σc varying in each series 
(circles). The projection of the curves on the x-y plane (dashed lines) shows the corresponding polymer length and 
concentrations. 
 
Interestingly, for sufficiently stressed hydrogels, we see that for the concentration, length and 
temperature series, these dependencies disappear and nearly universal mechanical behaviour emerges. 
Considering that cells can effectively apply stresses up to 10 Pa to their local environment,3, 15 it is even 
more intriguing to see that for PIC gels and for many biological gels, this universal mechanical 
behaviour occurs well into the biologically accessible stress range. This may have implications for how 
we currently consider the role of mechanics in for instance tissue engineering. Cells may be able to 
control their own micromechanical environment by adhering to the matrix and actively stretching it. The 
observed universal behaviour of variables such as, in particular concentration, but also polymer length 
suggests that these parameters are ineffective for mechanical control, but merely decrease the porosity 
of the matrix, potentially reducing efficient nutrient transport and inhibiting cell spreading and 
proliferation. This supports the idea that, in fact, cells may probe different material properties than those, 
which one characterises with straightforward linear mechanical analysis.13, 14 
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2.3 Conclusions 
In conclusion, we described the effect of common, easily controllable variables (concentration, polymer 
length and temperature) on the mechanical properties of semi-flexible polymer hydrogels. Such gels are 
highly strain stiffening and this property can be used to create extremely stress-sensitive materials. We 
anticipate that the behaviour that we described is ubiquitous, in other words, many other strain-stiffening 
materials will behave similarly. Why, then, were these properties never described before? Two major 
reasons: (1) the majority of strain stiffening hydrogels are based on biopolymers and it is often not easy 
to precisely define and control critical parameters such as length or connectivity, and (2) the length 
scales in the materials should match in order to enter the highly responsive regime: both the length L 
and the stiffness of the network filaments lp should be of the same order of magnitude as the mesh size 
of the network. When the filaments are too flexible (lp is too low), linear behaviour dominates and 
stiffening will only be observed at very high stresses where the gel is likely to break. In addition, a 
significant minimum length is required to maintain network properties (sufficient crosslinks) at low 
polymer concentrations. Typically, the persistence length of synthetic polymers is too low, even when 
we consider them rigid polymers. Bundle formation is probably the best way forward to increase lp, but 
full control over the bundling process remains a challenge to be solved. The outlook, however is a class 
of materials, where the mechanical properties (G0, σc and m) can be readily adjusted by changing the 
conditions (c, L, T, and more) but also can be dramatically and immediately altered as a function of 
stress and/or other external stimuli. Such a tremendous level of control of mechanical properties will be 
highly beneficial for the biomedical field as well as other fields that use responsive soft matter 
applications. 
 
2.4 Experimental Section 
 
2.4.1 Polymer synthesis 
The isocyanide monomer20 was dissolved in freshly distilled toluene (50 mg mL-1) and stirred for several 
minutes. A solution of Ni(ClO4)2.6H2O (0.1 mg mL-1) in freshly distilled toluene/ethanol (9:1) was 
added at once. The mixture was stirred for 24 hours at room temperature under air. The resulting polymer 
was precipitated in diisopropyl ether with vigorous stirring and collected by filtration. The solid polymer 
was redissolved in dichloromethane and again precipitated in diisopropyl ether and collected by 
filtration. This procedure was repeated one more time and the product was dried under vacuum to yield 
the polymer as a yellow solid in 60-70% yield. The molecular weight of the resulting polymers was 
characterized by both viscometry and AFM measurements. 
 
2.4.2 Polymer length characterization by viscometry 
For viscometry measurements, the polymer was dissolved in acetonitrile (0.02-6.0 mg mL-1) and the 
intrinsic viscosity of these solutions was measured as a function of polymer concentration at a 
temperature of 25.0 °C. The average viscosity molecular weight Mv of the polymers was calculated using 
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the empirical Mark-Houwink equation, [η] = KMva, where [η] is the intrinsic viscosity of the polymer 
solution as determined from viscometry measurements and Mark-Houwink parameters K and a depend 
on polymer and solvent characteristics. We used values that were previously determined for other rigid 
polyisocyanides: K = 1.4 x 10−9 and a = 1.75.32 
 
2.4.3 Polymer length characterization by Atomic Force Microscopy (AFM) 
For AFM measurements, the polymer was dissolved in freshly distilled dichloromethane (c = 10–3 mg 
mL-1). This polymer solution was spin coated onto a freshly cleaved Muscovite Mica surface at 3000 
rpm. AFM measurements were performed using a dimension 3100 microscope operated with a 
nanoscope IV control unit (Digital Instruments). All images were recorded with the AFM operating in 
Tapping Mode in air at room temperature, with a resolution of 1024 × 1024 pixels. Commercial tapping-
mode golden-coated silicon tips (NT-MDT) were used with a typical resonance frequency around 300 
kHz. Polymer lengths were evaluated from multiple samples using ImageJ software and the number 
average molecular weight Mn and the weight average molecular weight Mw were calculated. 
 
2.4.4 Rheology 
Rheological measurements were carried out with a stress-controlled rheometer (Discovery HR-1, TA 
Instruments) in an aluminium parallel plate geometry with a diameter of 40 mm and a gap of 500 µm in 
a temperature-controlled environment. Samples were loaded in the rheometer in the liquid state at T = 5 
°C. To probe the linear regime (G0), the sample was heated to the desired temperature and after a short 
waiting period for equilibration, the complex modulus G* was determined by applying an oscillating 
deformation of amplitude γ = 0.01 in a frequency sweep of ω = 10 - 0.1 Hz.  
The nonlinear regime (σc and m) was studied using a pre-stress protocol,25 where the sample at the 
desired temperature was subjected to a constant stress σ0 with a small oscillatory stress δσ superposed, 
also at ω = 10 - 0.1 Hz. The magnitude of the applied pre-stress was at least ten times larger than the 
superposed oscillatory stress. The differential modulus K′ is calculated from the resulting oscillatory 
deformation δγ as K′ = δσ/ δγ. In the pre-stress protocol that we use to probe the nonlinear mechanical 
regime, we apply a constant stress to the material. We did not observe relaxation processes in the 
materials, even at high stresses. 
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3 
 
Tuning hydrogel mechanics using the Hofmeister effect 
 
Abstract 
The mechanical properties of hydrogels are commonly modified by changing the concentration of the 
molecular components. This approach, however does not only change hydrogel mechanics, but also the 
microstructure of the network which in turn alters the macroscopic properties of the hydrogel. In this 
chapter, the Hofmeister series is used to change the thermoresponsive properties of polyisocyanide-
based hydrogels. In contrast to previous studies of the Hofmeister series, the effect is not only used to 
change the phase transition temperatures, but also to tailor the mechanics of the thermoresponsive semi-
flexible polymer hydrogels. It is demonstrated that the hydrogel stiffness can be manipulated over more 
than two orders of magnitude by the addition of different salts, whereas the microstructure of the gels 
does not change upon salt addition. It is demonstrated that the Hofmeister effect provides an excellent 
route to tune the mechanical properties of hydrogels without distorting other influential parameters of 
the gel.  
 
 
This chapter has been published as: 
 
Jaspers, M.; Rowan, A. E.; Kouwer, P. H. J. Tuning hydrogel mechanics using the Hofmeister effect. 
Advanced Functional Materials 2015, 25, 6503-6510.  
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3.1 Introduction 
Smart materials that are responsive towards chemical, mechanical, optical and/or thermal stimuli have 
been an increasing focus for materials scientists.1, 2 For the further development of these materials for 
biomedical applications,3, 4 it is desirable to use simple and readily applicable stimuli to control the 
response of the material. One such stimulus is the addition of salts. It has been known since 1888 that 
salts have the ability to precipitate proteins from aqueous solutions; an effect known as the Hofmeister 
effect.5, 6 The Hofmeister effect not only describes protein precipitation or stabilization, it can be applied 
universally to describe the behaviour of thermoresponsive aqueous systems. For instance, the addition 
of salts changes the lower critical solution temperature (LCST) of aqueous solutions of synthetic 
thermoresponsive polymers, such as poly(N-isopropylacrylamide) (PNIPAM)7, ethylene glycol-based 
triblock copolymers8 and ethylene glycol functionalized methacrylates.9 In these examples, the nature 
of the salt and its concentration are the parameters to tailor the precipitation temperature of the polymer 
solutions. 
Studies focusing on the Hofmeister effect are commonly restricted to the manipulation of transition 
temperatures of (polymer) solutions. So far, limited attention has been paid to the application of this 
effect to direct the macroscopic mechanical properties of materials. The large morphological and volume 
change at the LCST of PNIPAM-based hydrogels10 makes mechanical studies difficult. A series of 
studies of the Hofmeister effect on supramolecular hydrogels showed a dependence of the mechanical 
properties of these gels, but this was merely induced by the hugely different morphologies found for the 
different assembly conditions of the gels.11-13 
Here, we describe for the first time that we can use the Hofmeister effect to controllably manipulate the 
mechanical properties of polymeric hydrogels. As expected, the addition of salts directly affects the 
gelation temperature and, for our thermoresponsive hydrogel, this changes the stiffness of the gel over 
two orders of magnitude at a constant temperature, for instance 37 °C. We construct hydrogels that range 
from very soft to stiff, but all at identical polymer concentrations. To achieve such a change in 
mechanical response, one commonly needs to vary parameters such as concentration, morphology and 
bundle (or fiber) diameter and stiffness.14 Some of these are difficult to control, whilst others 
simultaneously change many important network characteristics; for instance the concentration changes 
both the biomedically relevant pore size and stiffness of hydrogels. The salts, however are able to shift 
the mechanics, without changing porosity and network morphology. 
The polymers we use are ethylene glycol-functionalized polyisocyanides (PICs, Figure 3.1), which form 
a thermoreversible gel upon heating when dissolved in water.15 At the LCST, the polymers become 
hydrophobic and form a network of entangled semi-flexible bundles of polymer chains. The mechanical 
properties of the PIC hydrogels mimic those of biological gels, including the nonlinear mechanics at 
large stress (or strain), which is markedly different than that of other synthetic hydrogels.15 As discussed 
in the previous chapter, the mechanics of PIC hydrogels are readily tuned by changing concentration, 
temperature and polymer length.16 In this chapter we add two additional parameters to this list: the nature 
of the salt (more precisely the anion) and its concentration. 
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Figure 3.1. The Hofmeister series and the possible interactions between its anions and ethylene glycol-
functionalized polyisocyanides in water. (a) The general order of the anions in the Hofmeister series with the 
kosmotropes on the left side and the chaotropes on the right side. (b) Hydrogen bonds between water molecules 
and the ethylene glycol side chains of the PICs are destabilized through polarization by the anion X- (c) Direct 
binding of the anion to the polymer, leading to ion accumulation at the polymer/water interface. The precise 
binding mode is not known in detail. (d) The anions can interfere with the hydrophobic hydration of the polymer 
backbone by increasing or decreasing the surface tension at the polymer/water interface. 
 
For a long time, the molecular basis of the Hofmeister series was related to the effect of ions on the bulk 
structure of water.17 More recently, however, it was shown that salts generally do not affect the bulk 
water structure.18, 19 Instead, more recent theories hypothesize that direct interactions between ions and 
macromolecules and their first hydration shell can explain the effects described by Hofmeister.7, 20-23 
The Hofmeister effect is usually more pronounced for anions than for cations and some ions have a 
stronger effect than others. The general order of the anions, known as the Hofmeister series, is shown 
in Figure 3.1a.7, 24 The ions on the left-hand side of the series are kosmotropes, or well-hydrated ions; 
they decrease protein solubility and decrease the LCST of thermoresponsive polymers. The ions on the 
right-hand side are chaotropes, or poorly hydrated ions, which increase protein solubility and raise the 
LCST of thermoresponsive polymers. 
Based on studies of PNIPAM7 and ethylene glycol-based triblock copolymers,8 we can expect that three 
different salt-hydration water-PIC interactions will contribute to the Hofmeister effect (Figure 3.1b-d). 
The first effect of the added ions is the destabilization of the hydrogen bonds between the polymer and 
its hydration water molecules (Figure 3.1b), which is expected to lead to a decrease in the gelation 
temperature, Tgel, of the PIC hydrogel. The approach of a well-hydrated anion to a hydrophilic site of 
the polymer reduces the water-polymer interaction and renders the polymer less soluble.8 For such well-
hydrated anions, the ability to polarize the hydrating water molecules correlates to the entropy of 
hydration, ΔShydr, of the anion.25 For poorly hydrated anions this effect is less pronounced. On the other 
hand, direct anion binding (Figure 3.1c) leads to an increase in Tgel as the binding of the anion to the 
polymer adds extra charge and hence, increases the solubility of the polymer. Poorly hydrated anions 
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usually show a stronger binding affinity, then well-hydrated anions.25, 26 The binding site of chaotropic 
anions to the polyisocyanide is not known at the moment. Earlier work has indicated that both the amide 
groups7, 27 and the ethylene glycol tails8 may participate in direct ion binding. Since the amide groups of 
the polyisocyanide are difficult to access due to steric effects and their participation in intramolecular 
hydrogen bonding, we prefer not to speculate on the precise binding mode. Lastly, interactions of the 
ions with the hydration shell of the hydrophobic surface of the polymer (Figure 3.1d) could either 
increase or decrease Tgel, depending on the nature of the particular salt.28 Salts that increase the interfacial 
tension at polymer/water or air/water interfaces reduce the gelation temperature while salts with molar 
surface tension increments kE (the change in surface tension per mole salt added) lower than unity 
increase Tgel.8 
The approach in this chapter is to use rheology to study the effect of ions on the thermal response and 
the stress response of PIC hydrogels. We show that the anions follow the Hofmeister series, whereas 
cations have no significant effect on the hydrogel properties. The first part of the chapter describes how 
the classical Hofmeister effect changes phase transition temperatures of PIC hydrogels by tens of 
degrees Celsius. The second part demonstrates how this effect is used to tailor the linear and nonlinear 
mechanics of the hydrogels and how this is quantitatively described by known ionic parameters. 
 
3.2 Results and Discussion 
 
3.2.1 Gelation temperature with different anions 
In MilliQ water without any salt added, a PIC solution shows a gelation temperature, Tgel = 19 °C.16 We 
define Tgel as the onset of the increase in the storage modulus G′ with temperature. We prefer to use the 
onset of the increase in G′ over the G′/G″ crossover, since G″ and thus the crossover temperature is 
frequency dependent. The storage modulus was measured using macroscopic rheology, by applying a 
small oscillatory deformation at a frequency of 1.0 Hz while heating the sample at a rate of 1 °C min-1. 
The PIC concentration was kept constant at 1 mg mL-1 (0.1 wt%) for all measurements. Figure 3.2a 
shows how the temperature profile of the storage modulus changes with the nature of the (sodium) salts 
added to the PIC solutions. The salt concentrations were kept constant at 0.5 M. 
From this figure, it is clear that the type of anion added has a very large influence on the Tgel of the PIC 
hydrogels. In addition, we determined the gelation temperature by a test-tube-tilting (TTT) test that 
yields transition temperatures from the gel phase to the liquid phase upon cooling the samples. The exact 
values of Tgel obtained from both rheology and TTT measurements are given in Table 3.1 in the appendix 
at the end of this chapter. The ten anions studied follow the trend of the Hofmeister series: the chaotropic 
anions I-, ClO4- and SCN- increase Tgel, whilst the other anions lower Tgel compared to MilliQ water 
(black symbols in Figure 3.2a). The addition of the strongly kosmotropic sulfate or carbonate salts at 
the same concentration of 0.5 M inhibited gel formation, which is attributed to a shift of Tgel to below T 
= 0 °C. Similar changes in Tgel were also observed in micro differential scanning calorimetry (micro-
DSC) experiments for samples with either 0.5 M NaCl or 0.5 M NaI added, as is shown in Figure 3.3. 
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Figure 3.2. Linear rheology of PIC hydrogels with different sodium salts. (a) Temperature ramps of the storage 
modulus G′ for hydrogels with salt concentrations of 0.5 M, showing large variations in the gelation temperature. 
(b) The gelation temperature Tgel, defined as the onset of the increase in G′, plotted versus the surface tension 
increment kE of the anions. Colors match the legend of panel a. Tgel decreases with increasing kE over the whole 
range and the solid line represents a linear fit for all ions except for acetate (see main text). (c) Tgel plotted versus 
the entropy of hydration ΔShydr of the anions. Colors match the legend of panel a. The solid line is a linear fit for 
the kosmotropic anions only. 
 
To gain better insight in the dominating contributions to the Hofmeister effect in the PIC solutions, we 
tried to correlate the observed gelation temperatures to the entropy of hydration, ΔShydr or to the molar 
surface tension increment, kE = (∂Δγ/∂m)T,29 of the anions.7, 8, 24, 25, 30 Hydration entropy values are 
obtained from ref. 31 and surface tension increment values are obtained from ref. 22, except for H2PO4- 
from ref. 32 and S2O3- from ref. 33. An overview of the values used is given in Table 3.1 in the appendix 
at the end of this chapter. 
For the PIC hydrogels, Tgel correlates very well to the anions’ surface tension increment kE (Figure 3.2b), 
which suggests that the removal of hydration waters from the hydrophobic polymer backbone (the 
mechanism of Figure 3.1d) plays an important role in the gelation process. The only exception to this 
trend is the acetate anion, which is at the kosmotropic side of the Hofmeister series but has a very low 
kE. This odd behavior has been associated to the poor bulk solvation of the methyl group of the acetate 
anion and the favorable contribution of the hydrophobic effect to the thermodynamics of transferring it 
to the water surface or interface.24 The removal of hydration water from the polymer backbone is likely 
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to lead to bundling of the individual polymer chains, which is a crucial step in the gelation process of 
the PIC hydrogels.15, 34 
We also observe a decrease in the gelation temperature with increasing hydration entropy of the anions 
(Figure 3.2c), but exclusively for the kosmotropic anions. This relation for the kosmotropes suggests 
that the gelation can also be correlated to the dehydration of the more hydrophilic ethylene glycol side 
chains of the polymers, as we suggested before.15 Because the kosmotropic ions are most strongly 
hydrated, they can polarize the water molecules, which weakens the hydrogen bonds with the ethylene 
glycol side chains of the polymers (mechanism in Figure 3.1b). This ability to polarize hydration water 
is directly correlated to ΔShydr of the anion.25 Weakening of the hydrogen bonds leads to desolvation of 
the ethylene glycol groups at lower temperatures and consequently, to a lower gelation temperature of 
the PICs in the presence of kosmotropic anions. 
 
 
Figure 3.3. Micro-DSC measurements of PIC hydrogels with a polymer concentration of 2 mg mL-1 in MilliQ, 
0.5 M NaCl solution or 0.5 M NaI solution showing the same anion-induced shift in gelation temperature as 
observed in rheology measurements. 
 
3.2.2 Gelation temperature with different cations 
Besides for anions, a Hofmeister series has also been established for cations. The usual ordering of the 
cation series for proteins35, 36 is: 
 
NH4+ > K+ > Na+ > Li+ > Ca2+ > Mg2+ 
 
The cations on the left-hand side decrease the solubility of proteins, while those on the right increase 
their solubility. The effects of cations, however tend to be much less pronounced than those of anions,37 
because the cations are generally excluded from the polymer/water interface.27, 38 We expected an effect 
for the ethylene glycol functionalized PICs, since the oxygen atoms of the oligo-ethylene glycol side 
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chains may interact with cations in a similar way to crown ethers. Such direct cation binding would lead 
to additional charge and increased solubility of the polymers and thus to an increased Tgel. 
We tested the influence of cations on the PIC hydrogel by adding different salts with chloride counter 
ions in a concentration of 0.5 M. The storage modulus of these samples measured as a function of 
temperature (Figure 3.4a) shows that gel formation is hardly affected by the cations. All samples, 
ranging from strong ammonium kosmotropes to the chaotropes Mg2+ and Ca2+, show a Tgel of 14 ± 0.5 
°C (Figure 3.4b). The exact values of Tgel are given in Table 3.2 in the appendix at the end of this chapter.  
The lower Tgel compared to PICs in MilliQ water is the result of the chloride anions rather than the 
cations. The only exception is lithium, which shows a slightly higher Tgel than the other cations. This 
indicates that in the case of lithium there may be some cation binding to the polymer, which is probably 
a result of its smaller size compared to the other cations tested. We also tested the influence of the 
polymeric cation poly(diallyldimethylammonium chloride) (pDDA) on the PIC gel to amplify potential 
cation-polymer binding through an increased effective molarity mechanism (Figure 3.4a). Even in this 
case, only the chloride anions display their influence on the gelation behaviour and, consequently, any 
direct interactions of the PICs with cations may be ruled out. 
 
 
Figure 3.4. Variation of the cation does not significantly change the gelation temperature. (a) Temperature ramps 
of the storage modulus G′ for PIC hydrogels with different cations, using chloride as the counter ion with a 
concentration of 0.5 M. (b) The gelation temperature, defined as the onset of the increase in G′, for hydrogels with 
different cations. The error bars represent standard deviations over two samples. 
 
3.2.3 Gelation temperature as a function of salt concentration 
In addition to varying the ion type, we also chose to vary the ion concentration. Figure 3.5a shows how 
the temperature profiles of G′ change with increasing concentrations of NaCl for the PIC hydrogel. Tgel 
shows a clear decrease with increasing chloride concentration. As expected for kosmotropic anions,7 we 
find a linear relation with the salt concentration (Figure 3.5c, blue line): 
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]X[ -X0gel cTT +=                  (3.1) 
 
where T0 is the gelation temperature in MilliQ water, cX is a polymer-dependent constant of anion X- 
and [X-] is the anion concentration. For chloride, we find c = -10.2 °C L mol-1, which is in line with 
other ethylene glycol-based polymers.8, 9 
 
 
Figure 3.5. (a) Temperature ramps of the storage modulus G′ for PIC hydrogels with increasing concentrations of 
NaCl. (b) Temperature ramps of the storage modulus G′ for PIC hydrogels with increasing concentrations of NaI. 
(c) The gelation temperature as a function of salt concentration for hydrogels with NaCl and NaI. The solid lines 
represent a fit to Equation 3.1 for NaCl and a fit to Equation 3.2 for NaI. 
 
Increasing the concentration of the chaotropic salt sodium iodide leads to an increase in Tgel with 
increasing salt concentration (Figure 3.5b). For NaI however, the relationship between Tgel and the salt 
concentration is highly nonlinear (Figure 3.5c, red circles). This nonlinearity is an indication of binding 
of the iodide anion to the polymer, an effect that saturates at higher anion concentrations. The data for 
NaI in Figure 3.5c can be fitted to Equation 3.2, which is the same linear fit as described for the chloride 
anions, but now extended with a binding isotherm.7 
 
]X[1
]X[]X[ -
A
-
Amax-
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Here, KA is the binding constant of the anion to the polymer and Bmax is the maximum increase in Tgel 
due to direct ion binding. From fitting the experimental Tgel values of the NaI hydrogel series, we obtain 
KA = 1.6 M-1 and Bmax = 14.8 °C. This relatively high value for Bmax highlights that, indeed, direct ion 
binding has a large effect on the gelation temperature of the PIC hydrogels. The cX value we find for 
NaI is +1.7 °C L mol-1, so in contrast to NaCl where cX is negative, there is a positive linear contribution 
of iodide to Tgel. Such a positive cX value has also been observed before for ethylene glycol based 
polymers in the presence of poorly hydrated anions.8 It suggests that increasing the iodide concentration 
lowers the interfacial tension at the PIC-water interface, which leads to an increase in Tgel. This lower 
interfacial tension is consistent with the effects of poorly hydrated anions on the interfacial tension at 
oil/water interfaces, where Cl- increases interfacial tension, whilst I- and SCN- decrease it.39, 40 
From the variations observed in Tgel in the presence of different anions, it can be concluded that the three 
interactions described in Figure 3.1 are all contributing to the overall Hofmeister effect of anions on the 
PICs. The chaotropic ions bind directly to the polymers and lower the surface tension at the polymer-
water interface, both leading to an increase in Tgel. The kosmotropic anions show a correlation with both 
ΔShydr and kE, indicating that they destabilize hydrogen bonds between the PICs and water molecules 
and raise the surface tension at the polymer-water interface, both leading to a decrease in Tgel. 
 
3.2.4 Mechanical properties as a function of salt concentration 
The PIC hydrogels are not only thermoresponsive, but as discussed previously they are also highly 
responsive to relatively small mechanical stresses.16 When a stress or deformation is applied to the PIC 
hydrogel, the material rapidly stiffens up to a factor of 100 compared to its original stiffness. This 
nonlinear mechanical response is known as strain stiffening and is common among gels made from 
semi-flexible biopolymers, such as actin, intermediate filaments, fibrin and collagen,41-45 but rarely 
found in man-made hydrogels. The mechanical properties of a strain stiffening material such as the PIC 
hydrogels are best described by three mechanical parameters. The first mechanical parameter is the 
stiffness of the material in the linear regime at low stress, known as the plateau modulus G0. The second 
parameter is the stress onset for the stiffening response, the critical stress σc at which the material starts 
to stiffen. This critical stress represents the sensitivity of the material towards applied stresses. The third 
parameter is the stiffening index m, which represents the intensity of the stress response (or the 
responsiveness).16 
We measured the entire stiffening response (all three parameters) of the PIC hydrogels with and without 
salts added using a pre-stress protocol, where the sample was subjected to a steady pre-stress σ with a 
small oscillatory stress δσ superposed, resulting in an oscillatory deformation δγ. The stiffness of the gel 
is represented by the differential modulus K′ = δσ/δγ. Figure 3.6a shows K′ as a function of the applied 
pre-stress for PIC hydrogels with either kosmotropic NaCl or chaotropic NaI added in different 
concentrations. Each hydrogel sample shows two well-defined mechanical regimes: a linear regime at 
low stress where K′ is constant with σ and equals the plateau modulus G0, and a nonlinear regime at high 
stresses where K′ increases as a function of stress. 
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Figure 3.6. Nonlinear rheology of PIC hydrogels with increasing concentrations of NaCl or NaI. (a) The 
differential modulus K′ as a function of stress σ for gels with different concentrations of NaCl or NaI at T = 37 °C. 
Black triangles correspond to PIC gels without any salt added. (b) The plateau modulus G0 (squares) and the critical 
stress σc (circles) for hydrogels with NaCl (solid blue symbols) and NaI (open red symbols). The data was extracted 
from the curves in panel a. Solid blue lines represent fits with Equation 3.3. 
 
The addition of anions clearly has a large effect on the low stress regime of the PIC hydrogels. The 
plateau modulus G0 increases with increasing NaCl concentration, but decreases with increasing NaI 
concentration. The same trend is observed for the critical stress σc (Figure 3.6b). This means that the 
kosmotropic Cl- anion increases the initial stiffness of the gel, but also increases σc, which makes the gel 
less sensitive to an applied stress. On the other hand, the chaotropic anion I- decreases the initial stiffness 
of the hydrogels and makes the gels more sensitive to stress. At high stresses, however, the gel becomes 
completely insensitive to the addition of either salt and from σ ≈ 20 Pa onwards all curves perfectly 
overlap (Figure 3.6a). The curves approach a stiffening index m = 3/2 at high stresses, which is the 
theoretical upper limit for m and is associated with entropically stretching a semi-flexible polymer chain 
along its length.15, 42 The observed m = 3/2 for al gels indicates that the added salts do not influence the 
stretching response of the PICs. 
As discussed in the previous chapter, the plateau modulus of the PIC hydrogels shows an exponential 
increase with temperature, G0 ∝ Te2βT, as a result of the thermal stiffening of the polymer chains and of 
the network as a whole.15, 16 Since the ions in the Hofmeister series directly affect temperature, we are 
able to describe G0 as a function of ion concentration at a specific constant temperature. For chloride 
anions, with a linear dependence of Tgel on the ion concentration (Figure 3.5c), the modulus becomes a 
function of the experimental temperature T and ion concentration [X-] with the appropriate constant cx: 
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−
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For chaotropic anions, the dependence of the modulus on the ion concentration becomes more 
complicated because one also needs to consider the direct anion binding contribution by means of the 
binding isotherm term of Equation 3.2. 
Figure 3.6b shows how both G0 and σc of the PIC hydrogel at constant temperature T = 37 °C depend 
on the NaCl concentration. The data is fitted to Equation 3.3, with cCl = ‒10.2 °C L mol‒1, obtained from 
the linear fit of Tgel as a function of the NaCl concentration (Figure 3.5c). Fitting Equation 3.3 to the 
experimental data yields an exponential thermal dependence of β = 0.089 K-1, which is in excellent 
agreement with the value for β obtained from temperature-dependent measurements as described in the 
previous chapter.16 For σc we find a similar exponential dependence on the NaCl concentration. For NaI 
we do not observe an exponential decrease of G0 and σc with salt concentration, since Tgel does not show 
a linear dependence on the ion concentration due to direct ion binding (Figure 3.5c). 
 
3.2.5 Mechanical properties with different anions 
Besides shifting the mechanical properties by modifying the salt concentration, one can also consider 
changing the nature of the salt to alter hydrogel mechanics. Therefore, the same pre-stress experiments 
were performed with PIC hydrogels containing different anions, again using sodium as the cation. Figure 
3.7a shows K′ as a function of stress for these gels with a constant salt concentration of 0.5 M. At low 
stress, the stiffness of the hydrogels follows the Hofmeister series for anions, similar to the gelation 
temperature obtained from temperature-dependent rheology measurements. For the different cations, we 
find that the mechanical stiffness of the PIC gels is identical within the margin of error (Table 3.2). 
From Figure 3.7a it is clear that the chaotropic anions decrease the plateau modulus G0 but also increase 
the sensitivity towards stress by lowering σc, whereas the kosmotropes increase both G0 and σc. At high 
stress however, all curves overlap again, approaching a stiffening index of 3/2, except for the gels with 
NaSCN and NaClO4 which break at significantly lower stresses due to their very low initial stiffness. 
These strong chaotropes also significantly decrease σc, which makes the material extremely sensitive to 
small stresses. As described in the previous chapter, we also observed this ultra-sensitivity regime for 
PIC hydrogels at temperatures very close to Tgel = 19 °C, where the network is only marginally 
connected.16, 46 Salt addition gives access to this highly sensitive regime at any desired temperature. 
Thus, besides lowering T, which experimentally is not always possible, the addition of strong chaotropic 
ions can also be used as a tool to enter the extremely stress-sensitive marginal regime. In Figure 3.7a, 
K′ spans almost four orders of magnitude with just one material at one polymer concentration, 
demonstrating that we can cover a very broad range of stiffness simply by adding different salts to the 
PIC gel or, more generally, demonstrating the large impact of the Hofmeister series on the mechanical 
properties of these hydrogels. 
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Figure 3.7. Nonlinear rheology of PIC hydrogels with different sodium salts added. (a) Differential modulus K′ 
as a function of the applied stress σ for gels with a salt concentration of 0.5 M at T = 37 °C. Chaotropic anions 
decrease the linear modulus of the gel but increase the sensitivity towards applied stress, while kosmotropic anions 
increase the linear modulus and decrease the sensitivity towards stress. Note that all gels behave similarly at high 
stress, approaching m = 3/2 (solid line). (b) The plateau modulus G0 (squares) and critical stress σc (open circles) 
for PIC gels with different anions, plotted as a function of the surface tension increments of the anions. G0 and σc 
show a remarkably good correlation for both chaotropic and kosmotropic anions. The solid lines represent fits with 
Equation 3.4. (c) The plateau modulus G0 (squares) and critical stress σc (open circles) for gels with different 
anions, plotted as a function of the entropy of hydration of the anions. Colors match the legend of panel a. 
 
In analogy to the gelation temperature studies, the mechanical properties of the PIC hydrogels can be 
correlated to both ion parameters ΔShydr and kE. Similar to the results of Tgel, we find a remarkably good 
correlation for G0 and σc with the molar surface tension increment kE (Figure 3.7b). As expected, the 
only exception to this trend is the acetate ion. Figure 3.7c shows an increase of both G0 and σc with 
ΔShydr for the kosmotropic anions, whilst there is no trend observed for the chaotropes.  The linear 
decrease of Tgel with kE is expected to result in an exponential increase of G0 and σc with kE. Indeed, the 
data points in Figure 3.7b (except for NaOAc) that are recorded at a constant temperature T = 37 °C and 
anion concentrations of 0.5 M, readily fit to Equation 3.4: 
 
( )TbkeTbkkTG +−+−∝ E2EE0 )(),(
β                 (3.4) 
 
where constant b = -12.2 °C m mol mN‒1 L‒1 is obtained from the linear fit of Tgel versus kE (Figure 
3.2b). Fitting the experimental data with Equation 3.4 yields β = 0.091 K-1, which is again very close to 
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what was observed before as a function of temperature. For σc we find a similar exponential increase 
with a slightly lower exponent β = 0.081 K-1 (Figure 3.7b). 
Equation 3.4 reveals that the surface tension at the polymer-water interface can be used to tune the 
mechanical properties of the PIC hydrogels over a broad range. At a fixed temperature, increasing the 
surface tension leads to stiffer hydrogels, while decreasing the surface tension leads to softer gels that 
are more responsive towards applied stress. The high-stress response of these hydrogels is not affected 
by changes in the surface tension. The high-stress regime is dominated by entropic stretching of the 
already bundled polymer chains, which is not significantly influenced by the water-polymer and salt-
polymer interactions at the polymer interface. 
That the large differences in mechanical properties can be solely attributed to the Hofmeister-based 
temperature effect and not to a change in the morphology of the polymer network is best supported by 
looking in more detail at Figure 3.7b. First, the plateau modulus and the critical stress both show a 
similar exponential increase as a function of kE. When a difference in polymer bundle radius RB would 
be the primary origin of the observed difference in hydrogel stiffness, G0 would be expected to show a 
much stronger increase than σc based on a theoretical model for semi-flexible polymer networks.15 
Secondly, the very similar temperature exponent β found for G0 and σc strongly suggests that temperature 
effects indeed are dominating the changes in mechanical properties. 
 
3.3 Conclusions 
In conclusion, it was shown how the Hofmeister series can be used to tune both the thermoresponsive 
and stress-responsive behaviour of PIC hydrogels. Kosmotropic and chaotropic anions have opposite 
effects: addition of the former yields stiffer hydrogels that are less sensitive to stress, whilst the latter 
may be employed to gain access to very sensitive softer hydrogels. Quantitatively, the linear and 
nonlinear mechanical properties can be tailored by the addition of anion X- considering its concentration 
and its molar surface tension increment: 
 
( )TkbeTkbTG +−−−
−
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β                 (3.5) 
 
and 
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−
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where b′ is a polymer-dependent constant. Both Equation 3.5 and 3.6 hold as long as direct ion-polymer 
binding effects (only observed for chaotropes) are small. Otherwise a binding isotherm should be 
included in the equation. The good correlation of the hydrogel mechanics with the surface tension 
increment kE of the added anions emphasizes that changes in the surface tension at the polymer-water 
interface play a key role in the gelation process of these LCST polymers. Increasing this interfacial 
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surface tension probably triggers the aggregation of the polymer chains into bundles, which is the key 
step associated with thermoresponsive gel formation. 
The addition of common additives such as salts to tune the mechanical properties of these hydrogels can 
be exploited in biomedical applications of hydrogels, where varying temperature is not always a 
possibility. To improve the mechanics of hydrogels, usually other parameters such as the polymer 
concentration and cross-linking density are optimized.42 Increasing the stiffness with these parameters, 
however will also decrease the porosity of the polymer network, which is often an undesired side-effect. 
The addition of salts to the PIC hydrogels does not affect the structure of the polymer network, but only 
influences the temperature of gelation and consequently, the mechanical properties of the hydrogel by 
changing the interaction between the polymer and water. In this way kosmotropic anions can be used to 
increase the linear stiffness of the PIC hydrogels, whereas chaotropic anions can increase the sensitivity 
σc of the PIC hydrogels towards applied stresses. 
 
3.4 Experimental Section 
 
3.4.1 Polymer synthesis and characterization 
The isocyanide monomer47 was polymerized following a previously described protocol.16 The molecular 
weight of the polymer was characterized by viscometry. For these measurements, the polymer was 
dissolved in acetonitrile (0.1 - 0.6 mg mL-1) and the intrinsic viscosity of these solutions was measured 
at T = 25 °C. The average viscosity molecular weight Mv of the polymer was calculated using the Mark-
Houwink equation using previously determined Mark-Houwink parameters of K = 1.4 x 10-9 and a = 
1.75.48 This yielded an average viscosity molecular weight of 413 kg mol‒1, which corresponds to an 
average stretched polymer length of 163 nm. 
 
3.4.2 Sample preparation 
All salts used in these experiments were purchased from Sigma Aldrich. The salt and polymer solutions 
were prepared with 18 MΩ cm purified water. The polyisocyanides were dissolved in cold water at a 
concentration of 2 mg mL‒1 by stirring for 24 hours in a cold room at 4 °C. Stock solutions of the salts 
were prepared at double the desired concentration. The polymer and salt solutions were mixed in a 1:1 
ratio on ice to obtain a 1 mg mL‒1 polymer concentration and the desired salt concentration. 
 
3.4.3 Rheology 
Rheological measurements were performed on stress-controlled rheometers (Discovery HR-1 or 
Discovery HR-2, TA Instruments) in an aluminum parallel plate geometry with a diameter of 40 mm 
and a gap of 500 µm.49 Samples were loaded into the rheometer at a temperature of 5 °C, or at T = 1 °C 
for samples with a very low gelation temperature, in the liquid state. To determine the gelation 
temperature, the sample was heated at a rate of 1.0 °C min-1 and the complex modulus G* was measured 
by applying an oscillatory deformation of amplitude γ = 0.04 at a frequency of ω = 1.0 Hz. The gelation 
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temperature values given correspond to the onset of the increase in the storage modulus G′ relative to 
the baseline. 
To determine the plateau modulus G0, the sample was heated to T = 37 °C and equilibrated for 10 
minutes. Before measuring the storage modulus G′ by applying an oscillatory deformation of amplitude 
γ = 0.04 at a frequency of ω = 1.0 Hz, we confirmed by a frequency sweep (ω = 10 ‒ 0.1 Hz) and strain 
sweep (γ = 0.01 - 0.1) that indeed, we probe the linear mechanical regime. The nonlinear regime was 
studied using a pre-stress protocol where the hydrogel at T = 37 °C was subjected to a constant pre-
stress σ0 = 0.2 - 200 Pa with a small oscillatory stress δσ superposed at a frequency of ω = 10 - 0.1 Hz. 
The superposed oscillatory stress was at least ten times smaller than the applied pre-stress. The 
differential modulus is calculated from the resulting oscillatory deformation δγ as K′ = δσ/δγ. All K′ 
values shown are data points recorded at a frequency of ω = 1.0 Hz. 
 
3.4.4 Micro differential scanning calorimetry 
Micro-DSC measurements were performed on a Multi Cell DSC (TA Instruments). The samples were 
prepared by mixing a PIC solution with a polymer concentration of 4 mg mL-1 with a 1.0 M NaCl 
solution, 1.0 M NaI solution or MilliQ water in a 1:1 ratio, resulting in samples with a polymer 
concentration of 2.0 mg mL-1 and a salt concentration of 0.5 M. The samples were loaded into the 
machine in the liquid state at T = 1 °C and were heated at a rate of 0.25 °C min-1 to a maximum of T = 
60 °C and subsequently cooled down at a rate of 2.0 °C min-1 to a minimum of T = 1 °C. The heating 
and cooling ramps were performed twice for all samples and the DSC measurements shown are the 
second heating ramps. 
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3.5 Appendix 
 
Table 3.1. The molar surface tension increments kE and the hydration entropies ΔShydr of the anions added to the 
PIC hydrogels. The sources of the values are referenced in the main text. The gelation temperature Tgel, the plateau 
modulus G0 at T = 37 °C and the critical stress σc at T = 37 °C for the PIC gels with 0.5 M of different sodium salts 
added are also shown. 
Salt kE 
(mN L m-1 mol-1) 
ΔShydr 
(J K-1 mol-1) 
Tgel (onset) [a] 
(°C) 
Tgel (TTT) [b] 
(°C) 
G0, T=37°C 
(Pa) 
σc, T=37°C 
(Pa) 
MilliQ - - 19 17.5 38 4.1 
Na2S2O3 2.9 -180 5 2 [c] - - 
NaH2PO4 2.3 -166 9 2 [c] 310 23 
NaF 1.81 -137 10.5 5 [c] 260 16 
NaOAc 0.93 -170 11.5 9.5 190 15 
NaCl 1.73 -75 14.5 13.5 140 12 
NaBr 1.47 -59 18 16.0 64 5.7 
NaNO3 1.21 -76 18 17.0 55 5.0 
NaI 1.14 -36 26.5 25.0 13 1.5 
NaClO4 0.22 -57 34 34.5 1.5 0.21 
NaSCN 0.50 -66 34.5 35.0 1.7 0.27 
[a] Tgel (onset) determined as the onset of the increase in G′ in a rheology experiment. [b] Tgel (TTT) determined by 
cooling the gels from elevated temperatures in a test-tube-tilting test. The values are in line with the onset values, 
but are overall somewhat lower since some hysteresis is observed for gelation. [c] Transition temperatures below 
10 °C are experimentally challenging to access using this method. 
 
Table 3.2. The gelation temperature Tgel and the plateau modulus G0 at 37 °C for PIC gels with different cations 
and chloride as the counter ion at a concentration of 0.5 M. 
Salt Tgel (onset) [a] 
(°C) 
G0, T=37°C  
(Pa) 
NaCl 14.5 100 
KCl 14 130 
MgCl2 14.5 140 
CaCl2 13.5 150 
LiCl 16.5 100 
NH4Cl 14.5 100 
polyDDA 14 120 
[a] Tgel (onset) determined as the onset of the increase of G′ in a rheology experiment.  
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Bundle formation in biomimetic hydrogels 
 
Abstract 
Bundling of single polymer chains is a crucial process in the formation of biopolymer network gels that 
make up the extracellular matrix and the cytoskeleton. This bundled architecture leads to gels with 
distinctive properties, including a large pore size, gel formation at very low polymer concentrations and 
mechanical responsiveness through nonlinear mechanics; properties that are rarely observed in synthetic 
hydrogels. Using small angle X-ray scattering (SAXS), we study the bundle formation and 
hydrogelation process of polyisocyanide hydrogels, a synthetic material that uniquely mimics the 
structure and mechanics of biopolymer gels. We show how the structure of the material changes at the 
thermally-induced gelation point and how factors such as concentration and polymer length determine 
the architecture, and with that, the mechanical properties. The correlation of the hydrogel mechanics 
and the structural parameters obtained from SAXS experiments is essential in the design of future 
(synthetic) mimics of biopolymer networks. 
 
 
This chapter has been published as: 
 
Jaspers, M.; Pape, A. C. H.; Voets, I. K.; Rowan, A. E.; Portale, G.; Kouwer, P. H. J. Bundle formation 
in biomimetic hydrogels. Biomacromolecules 2016, 17, 2642-2649. 
 
 
The ESRF and the Dutch Science Foundation (NWO) are acknowledged for providing beamtime at the 
Dutch-Belgian beamline (DUBBLE) for SAXS measurements. The DUBBLE staff is acknowledged for 
supporting the SAXS experiments. Bram Pape is acknowledged for performing DSC experiments. 
Giuseppe Portale and Ilja Voets are acknowledged for help with the interpretation of the SAXS results.  
Chapter 4 
70 
 
4.1 Introduction 
Hydrogels find increasing use in the biomedical field, where their mechanical properties are a critical 
factor in many cellular processes.1-4 A hydrogel with a biologically relevant stiffness is either composed 
of flexible polymer chains that are densely crosslinked,5-7 or alternatively, of a bundled network of semi-
flexible polymers or fibrils.8-11 Although the stiffness of both gel types can seemingly overlap, their 
microstructure is vastly different. The flexible polymer hydrogels, usually prepared at much higher 
polymer concentrations to obtain structural integrity, have pore sizes typically of the order of 
nanometers, whilst the pore sizes of the semi-flexible networks can reach micrometers. For cell culturing 
applications, a field that focuses increasingly strongly on three dimensional environments, mass 
transport becomes an important factor and as a result, only network architectures with larger pore sizes 
are relevant as matrix material.12 In addition to architecture, the mechanical properties of both network 
types strongly diverge under stress: bundled biological networks commonly stiffen up at stress levels 
that cells exert to their direct environment;13, 14 in other words, in such fibrillar networks, cells interact 
with and mechanically alter their own environment.15 
Nature is able to dynamically control and adapt the bundle lengths and diameters, but already in 
reconstituted biopolymer networks, the dynamics have disappeared and even reproducibility of bundle 
dimensions in these systems becomes challenging.16-18 Synthetic hydrogels that mimic the fibrillar 
morphology of biopolymer gels are extremely rare. In the previous chapters we described one such 
mimic, based on a helical ethylene glycol-substituted polyisocyanide (PIC), and showed that, indeed, its 
gels show nonlinear mechanical properties analogous to most biopolymer hydrogels.19, 20 In addition, 
cell studies with peptide-decorated PIC hydrogels as a 3D artificial extracellular matrix highlighted how 
important network architecture and nonlinear mechanics are for (stem) cell fate.4 
The key to synthetically mimicking biological hydrogels is to control the bundled architecture, which 
because of its high dilution, limited dimensions and intrinsic disorder remains challenging to measure 
directly. In earlier work, bundle dimensions of PIC hydrogels were estimated by AFM measurements, 
which despite expected drying-in effects, yielded values in line with results from macroscopic 
rheology.19 For an in situ analysis of gel architectures, small angle X-ray scattering (SAXS) has shown 
to be a powerful tool.21-24  
In this chapter, we show how the architecture of PIC hydrogels can be elucidated by SAXS studies. This 
synthetic model system offers the advantage of systematic structure manipulation. Experimentally we 
find that, at a very well-defined temperature, bundles with a concentration-independent cross-sectional 
radius are formed. In addition, we show how changes in the polymer (contour) length influence the 
network morphology and consequently, the mechanical properties. These architectural parameters are 
crucial in the design of next generation biopolymer hydrogel mimics for artificial extracellular matrix 
or cytoskeletal materials. 
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4.2 Results and Discussion 
 
4.2.1 Materials 
The hydrogel-forming PIC polymers are composed of a helical polyisocyanide backbone that is covered 
by ethylene glycol side chains (Figure 4.1). As discussed in Chapter 2, the polymer length is controlled 
by the polymerization conditions and has a large influence on the mechanical properties in the hydrogel 
phase. For SAXS studies, we used five different polymers P1a-e, with average contour lengths L ranging 
from 55 to 160 nm. Other methods to control the gel mechanics are the polymer concentration, 
temperature and the addition of different salts.25 The tri(ethylene glycol) side chains attached to the 
polymer backbone render the polymer thermoresponsive. An aqueous PIC solution shows a phase 
transition from a low viscous solution to a transparent elastic gel when heated beyond its lower critical 
solution temperature (LCST).19, 26 
 
 
Figure 4.1. Molecular structure of the ethylene glycol-substituted polyisocyanides P1a-e with the helical polymer 
backbone in purple, a dipeptide substituent in red and the tri-ethylene glycol tail in blue. The five polymers P1a-e 
have different average chain contour lengths L, where P1a is shortest with L = 55 nm corresponding to n ≈ 400 
monomers and P1e is longest with L = 160 nm and n ≈ 1300 monomers. 
 
4.2.2 Solution phase and gel phase 
Hydrogels prepared from polymers with an average contour length L = 160 nm (P1e), determined by 
viscometry measurements as described in Chapter 2, were studied by SAXS to determine their nanoscale 
architecture in situ and thus without the complications of drying-in effects. The samples were studied 
both in the solution phase at low temperature at T = 5 °C, and in the hydrogel phase at high temperature 
at T = 50 °C (see Experimental Section 4.4 for details), as shown in Figure 4.2. At temperatures below 
the gelation temperature, the polymers can be considered freely diffusing semi-flexible chains in 
solution. In this solution state (Figure 4.2, blue squares), the SAXS data can be described by the semi-
flexible polymer model of Kholodenko,27 which does not include inter-polymer interactions (blue solid 
line). Details on the scattering model and the fitting procedures are given in the Experimental Section 
4.4. In the data analysis, the average contour length L of the polymers was kept fixed at 160 nm, which 
is well outside the accessible range of scattering angles. From fitting the model to the scattering data, 
we obtain both the polymer cross-sectional radius R and the polymer stiffness expressed as the 
persistence length lp,0 of a single polymer chain in solution, which are R = 1.1 ± 0.1 nm and lp,0 = 12 ± 2 
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nm, respectively. The latter value matches well with the lp,0 obtained previously from single molecule 
force spectroscopy measurements.19 
 
 
Figure 4.2. SAXS curves for a 5 mg mL-1 P1e sample in the liquid state at low temperature and in the hydrogel 
state at high temperature. The solid lines represent the best fit to the Kholodenko model for the low temperature 
data and the best fit to the composite model with a Kholodenko term and an Ornstein-Zernike term for the high 
temperature data. 
 
Upon heating the polymer solution to T = 50 °C, well above the gelation temperature of 19 °C of P1e, 
the shape of the scattering profile (Figure 4.2, red circles) clearly changes compared to the low 
temperature spectrum. The forward scattering intensity increases with temperature, indicating the 
aggregation of polymers into larger polymer bundles. These inter-polymer interactions generate 
heterogeneities in the polymer network on larger length scales, which requires a more extensive model 
to describe the SAXS profiles in the hydrogel phase.28 We find that the excess scattering intensity due 
to these heterogeneities can be described excellently with the model of Ornstein and Zernike.29 Figure 
4.2 shows both the experimental scattering data at T = 50 °C (red circles) and a fit to the composite 
Kholodenko/Ornstein-Zernike (KOZ) model (red line), see also Figure A4.1 in the appendix at the end 
of this chapter for the contributions of both individual models. From the Ornstein-Zernike term, we 
obtain a characteristic length scale ξOZ, which represents the length scale of heterogeneities in the PIC 
network in the hydrogel phase.28 
To reduce the number of fitting parameters in the combined model, we fixed the polymer contour length 
L = 160 nm and the persistence length of the polymer bundles lp,B = 460 nm. In the bundled network, L 
approaches infinite and the persistence length of the bundles was calculated earlier19 using a theoretical 
model for semi-flexible networks.30 The precise values of lp,B and L, however have very little effect on 
the fit results because the values are outside the accessible range of scattering angles. Modelling of the 
scattering data using these values yields a bundle cross-sectional radius RB = 3.0 ± 0.2 nm at T = 50 °C. 
This significantly larger radius compared to the liquid phase at T = 5 °C confirms that the polymers are 
bundled in the hydrogel phase, as was previously concluded from AFM images of dried polymer 
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networks.19 From the single polymer and bundle cross-sectional radii, the bundle number N (the average 
number of polymer chains per bundle) can be estimated as N = RB2 / R2 = 7.3. This bundle number 
corresponds remarkably well to the N = 6.9 that was previously determined by AFM analysis.19 It was 
argued earlier that this very well-defined bundle size may be related to helicity of the single PICs, similar 
to many biopolymers.31, 32 
 
4.2.3 Concentration dependence 
If the helical structure of the PICs indeed controls N, one expects that the bundle size is independent of 
polymer concentration c. We measured SAXS curves of the PIC hydrogel at different polymer 
concentrations (Figure 4.3), despite the narrow accessible concentration range: limited solubility 
prevents the preparation of samples with concentrations higher than 5 mg mL-1 and gels with 
concentrations below 1 mg mL-1 scatter too weakly to record reliably. 
 
 
Figure 4.3. SAXS curves for P1e hydrogels at polymer concentrations c = 1 to 5 mg mL-1 and temperature T = 50 
˚C. The scattering intensity is normalized by the polymer concentration, yielding nearly overlapping scattering 
profiles. Only after fitting the scattering curves to the KOZ model, small changes in the network architecture 
become evident. 
 
Figure 4.3 shows the SAXS curves of PIC hydrogels with five different polymer concentrations at T = 
50 °C. The scattering intensity was normalized by the polymer concentration, which causes the curves 
to nearly superpose, indicating that the gel structure at high temperatures, indeed is independent of the 
polymer concentration. From fitting these SAXS curves with the composite KOZ model, we find that 
the cross-sectional bundle radii RB for all concentrations are between 2.7 and 3.2 nm (Table 4.1). We 
anticipate that the determined length scale of heterogeneities in the PIC network ξOZ, is related to the 
pore size of the network. As can be expected for networks with a constant bundle size RB, ξOZ shows a 
clear concentration dependence (Table 4.1); for hydrogels with higher polymer concentrations, we find 
smaller values for ξOZ, which is in line with a denser polymer network. Quantitatively, it is found that 
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ξOZ ∝ c-0.56 (Figure A4.2), which is in excellent agreement with the predicted concentration dependence 
of the mesh size ξ of the network that scales as ξ ∝ c–0.5.13, 19 This result clearly shows that despite the 
distributions in both bundle dimensions and pore sizes of the network and the low polymer 
concentration, we can reliably probe the architecture of these hydrogels by SAXS. 
 
Table 4.1. Fitting parameters from the SAXS data in the hydrogel phase at T = 50 ˚C for PIC hydrogels with 
different polymer concentrations.a 
c ξOZb RB 
(mg mL-1) (nm) (nm) 
1 76 3.2 ± 0.4 
2 58 2.7 ± 0.2 
3 38 3.1 ± 0.2 
4 37 2.9 ± 0.1 
5 30 3.0 ± 0.2 
a Key: c is the polymer concentration of the hydrogel; ξOZ is the length scale of heterogeneities in the PIC network 
which is related to the pore size and RB is the average bundle cross-sectional radius. b The error on ξOZ is difficult 
to determine reliably because of the small amount of data points in the low q-range. The error is estimated to be 
about half of the value of ξOZ. 
 
4.2.4 Polymer length dependence 
Besides the polymer concentration, the polymer contour length L has a large effect on the (nonlinear) 
hydrogel mechanics and the biological function of PIC hydrogels.4, 20 Five polymers P1a-P1e, with 
average contour lengths ranging from 55 to 160 nm, were prepared as described in Chapter 2 and their 
SAXS profiles were measured both in the solution phase and in the hydrogel phase. From fitting the 
SAXS data in the solution state at T = 5 °C with the semi-flexible polymer model developed by 
Kholodenko,27 we find that all five polymers have very similar cross-sectional radii R and persistence 
lengths lp,0 (Table 4.2, Figure A4.3), indicating that the polymers behave very similarly in solution, 
independent of their contour length. 
In the hydrogel phase at T = 50 °C, however, the SAXS profiles of the hydrogels with different polymer 
lengths are clearly different (Figure 4.4). At high scattering angles the curves seemingly superpose, but 
in the low q range the scattering intensity decreases with increasing polymer length. The SAXS data 
was again fitted with the composite KOZ model (Figure A4.4), yielding values for ξOZ and RB, which 
both show a trend with increasing polymer length (Table 4.2). We find that RB changes with the polymer 
contour length, with shorter polymer chains leading to larger polymer bundles. The three longest 
polymers show similar bundle radii, but the two shortest polymers form significantly larger bundles with 
a cross-sectional radius of about 5 nm at T = 50 °C. This length-dependent polymer bundling has also 
been observed in course-grained simulations of semi-flexible chains with a relatively simple lateral 
attractive potential.33 
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Table 4.2. Fitting parameters from the SAXS data in the liquid phase at T = 5 ˚C and in the hydrogel phase at T = 
50 ˚C for PIC samples with different average polymer contour lengths.a 
 L 
(nm) 
lp,0 
(nm) 
R 
(nm) 
ξOZb 
(nm) 
RB 
(nm) 
P1a 55 13 ± 7 1.1 ± 0.1 >80 c 5.0 ± 0.2 
P1b 77 10 ± 1 1.1 ± 0.1 >80 c 4.7 ± 0.2 
P1c 110 9 ± 2 1.2 ± 0.1 >80 c 3.3 ± 0.1 
P1d 134 9 ± 1 1.1 ± 0.1 68 3.0 ± 0.1 
P1e 160 12 ± 2 1.1 ± 0.1 30 3.0 ± 0.2 
a Key: L is the polymer contour length as obtained from viscometry measurements (fixed during the fitting of the 
scattering data); lp,0 is the single polymer persistence length; R and RB are the cross-sectional radii of the single 
polymer and the polymer bundle, respectively; and ξOZ is the length scale of heterogeneities in the PIC network. 
Parameters lp,0 and R are obtained from fitting the scattering data at T = 5 °C and ξOZ and RB from the scattering 
data at T = 50 °C. b The error on ξOZ is difficult to determine reliably because of the small amount of data points 
in the low q-range. The error is estimated to be about half of the value of ξOZ. c The ξOZ values for the polymers 
shorter than 134 nm fall outside the range of measurable values (>80 nm). 
 
 
Figure 4.4. SAXS curves for PIC hydrogels of P1a-P1e with different average polymer contour lengths at T = 50 
˚C and c = 5 mg mL–1. The solid lines represent an I ~ q-1.4 slope found for the longest polymer (P1e) and an I ~ 
q–1.9 slope found for the shortest polymers (P1a and P1b). 
 
The network heterogeneity length scale ξOZ increases for hydrogels composed of shorter polymers: 30 
nm for P1e to 68 nm for P1d to much larger values for the shorter polymers (Table 4.2). In fact, the 
characteristic length scales for these hydrogels of short polymers (ξOZ > 80 nm) are outside the accessible 
measurement window. The observed larger pore size of the network in combination with an identical 
bundle size indicates that less chains actively contribute to the bundled network, probably because they 
are too short. The relatively high molecular weight or contour length distribution of the polyisocyanides, 
with a polydispersity index PDI = 1.3-1.4 for all chain lengths (Chapter 2), and the observation that very 
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short PICs with L = 34 nm do not form hydrogels at all support this model.20 It also accounts for the 
reduced modulus that was previously observed for hydrogels of shorter polymers. Unfortunately, our 
current scattering setup does not allow us to accurately determine values of ξOZ for the hydrogels 
composed of shorter polymers. 
 
4.2.5 Temperature dependence 
To study the gelation mechanism of the PIC hydrogels in more detail, the SAXS profiles were measured 
as a function of temperature from T = 5 to T = 50 °C. Figure 4.5a shows how the SAXS profile changes 
upon heating for a 5 mg mL-1 sample of P1e. The sample was incrementally heated with steps of 1 °C 
and after every step the SAXS profile was measured. To prevent radiation damage to the sample, shorter 
exposure times of 10 seconds were used at the intermediate temperatures (exposure time was 120 
seconds for the scattering profiles at T = 5 and 50 °C), which leads to noisier scattering curves, especially 
in the high q range. In the low q range, however, the scattering intensity clearly increases with 
temperature. Figure 4.5b shows the temperature-dependent increase in the scattering intensity at q = 0.1 
nm–1 relative to the intensity at the lowest temperature (T = 5 °C), where the single polymers diffuse 
freely in solution. 
At low temperatures, below T = 10 °C, the small angle scattering intensity is constant, but above T = 10 
°C the intensity increases, which is the result of the onset of bundling of the single polymers in solution. 
The sharpest intensity increase is observed roughly between T = 15 and 25 °C, which coincides perfectly 
with the gelation temperature, Tgel = 19 °C for P1e as determined previously by rheology measurements. 
At higher temperatures, the scattering intensity shows a weaker increase with temperature. We interpret 
this second regime as a dehydration process wherein, more water is expelled from the polymer bundles 
upon further heating. This leads to denser bundles (and a higher scattering intensity), but also stiffer 
bundles and an increase in the storage modulus G′, as was observed experimentally in Chapter 2. 
Previously, a similar scenario was proposed for methylcellulose fibers, which also form strain stiffening 
hydrogels upon heating,34 and show increasing scattering intensities at higher temperatures.35-37 
Alternatively, the increase in scattering intensity may be the result of additional polymer chains adding 
to the bundled network architecture, although for this situation an increase in the polymer bundle size is 
expected to occur simultaneously. 
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Figure 4.5. (a) SAXS curves measured every 1 ˚C from T = 5 ˚C to T = 50 ˚C for a P1e hydrogel with c = 5 mg 
mL-1. The solid line represents q = 0.1 nm-1. (b) Scattering intensity at q = 0.1 nm-1 as a function of temperature, 
extracted from figure 4.5a. The scattering intensity is averaged over five points around q = 0.1 nm-1 to reduce 
noise. (c) Scattering intensity at q = 0.1 nm-1 as a function of temperature for P1e hydrogels with different polymer 
concentrations. (d) Scattering intensity at q = 0.1 nm-1 as a function of temperature for P1a-P1e gels with different 
polymer contour lengths and c = 5 mg mL-1. For both graphs the scattering intensity is averaged over five points 
around q = 0.1 nm-1 to reduce noise. 
 
The same temperature ramps were also performed for gels with lower PIC concentrations, down to 2 
mg mL-1 (Figure 4.5c). Although the increase in scattering intensity as a function of T is smaller for the 
lower concentration hydrogels, the shape of the temperature profiles remains the same: a sharp increase 
in intensity up to T = 25 °C and a weaker increase at higher temperatures. This is once more in line with 
our observation that polymer bundling is independent of the polymer concentration. When these 
experiments are performed for gels with different polymer contour lengths however, the shape of the 
temperature profiles changes dramatically (Figure 4.5d). From T = 5-30 °C the profiles of the different 
polymers overlap, which suggests that the initial bundling process is identical for all samples and thus 
independent of the polymer contour length. Above T = 30 °C, however, the shorter polymers show a 
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much stronger increase in scattering intensity with T than the longer polymers. We attribute this high 
temperature regime to a second assembly process that predominantly occurs in the short polymer 
samples. This second bundling process is also responsible for the larger bundle sizes observed for the 
hydrogels of shorter polymers (Table 4.2). 
We used micro-differential scanning calorimetry (micro-DSC) to further study the thermal transitions 
in the PIC hydrogels (Figure 4.6). The longest polymer P1e shows a single isotherm that peaks right at 
the gelation temperature of the polymer as determined by macroscopic rheology. All other, shorter 
polymers show a second endotherm at higher temperature. Interestingly, for all polymer lengths, both 
endotherms are at exactly the same temperatures, at T = 18 °C and T = 34 °C, respectively. Only the 
relative enthalpies of the two transitions differ in size (Figure A4.5); the high temperature transition 
dominates for the shorter polymers, the low temperature transition dominates for the longer polymers 
up to the point that the second transition completely disappears for P1e. 
 
 
Figure 4.6. (a) Micro-DSC measurements of PIC hydrogels with different polymer contour lengths and c = 2 mg 
mL-1. For the shorter polymers, two thermal transitions are observed at very well-defined transition temperatures, 
while for the longest polymer only the first transition is observed. Curves have been shifted vertically for clarity. 
(b) Transition temperatures from micro-DSC measurements (solid symbols, taken at the maximum of the 
endotherm) and gelation temperatures Tgel (open circles, taken at the onset of the increase in G′ with temperature) 
for all PIC hydrogels studied. The temperatures of the two DSC endotherms are independent of polymer length, 
in contrast to the gelation temperature. The error bars represent standard deviations over three samples for the 
micro-DSC data and two samples for the rheology data. 
 
The rheology-determined Tgel for this series follows the same line (Figure 4.6b): for the long polymers, 
it is close to the dominating first transition, for the shorter polymers it is closer to the stronger high 
temperature transition. In contrast to the DSC endotherms however, Tgel shows a more continuous 
change with polymer contour length. The shorter polymers probably require a higher degree of bundling 
to form bundles that are long enough to form a percolated polymer network, which leads to a slightly 
higher Tgel for P1c and P1d compared to the longest P1e polymers. The increased degree of bundling 
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upon heating is further supported by the continuous increase in scattering intensity with temperature 
between roughly T = 15 °C and T = 25 °C (Figure 4.5). 
Although solutions of the shortest polymers P1a and P1b show a transition at 18 °C in micro-DSC 
experiments and show the scattering signatures for bundling, no gel formation is observed at T < 34 °C; 
in other words, stress cannot percolate through the material at lower temperatures. Most probably, the 
contour length of the initially formed polymer bundles is too small compared to the mesh size of the 
polymer network. Bundling, however is expected to impact the rheological behaviour of the (bundled) 
polymer solution, which indeed is observed (Figure 4.7a). Despite the noise at low temperatures, it is 
clear that at T = 18 °C, both G′ and G″ increase, but gelation is only observed as a result of the second 
bundling or aggregation process at T = 34 °C, which establishes the percolated polymer network. 
Consequently, the network structures of these hydrogels of shorter polymers are markedly different with 
larger bundles composed of (on average) 20 polymer chains and, directly correlated, much large pore 
sizes. For comparison, a temperature ramp of the moduli of P1e in water clearly shows a single transition 
at T ≈ 18 °C, which leads to gelation of the polymer solution (Figure 4.7b). 
 
 
Figure 4.7. The storage modulus G′ and loss modulus G′′ as a function of temperature for (a) P1a and (b) P1e 
with c = 5 mg mL–1. The short P1a polymer shows two distinct transitions with gelation at the second transition, 
whereas the long P1e polymer only shows a single transition which leads to gelation. The dotted lines in panel (a) 
represent the maxima of the endotherms observed in the micro-DSC experiments. 
 
4.3 Conclusions 
The aggregation of single polymer chains into bundles is a crucial process in the formation of 
biologically interesting hydrogels. The bundled network structure leads to high persistence lengths, 
which gives such hydrogels unique properties that are not observed in synthetic hydrogels composed of 
unbundled flexible polymer chains. 
A major advantage of a bundled polymer network structure is that the minimum polymer concentration 
needed to form a hydrogel with good mechanical integrity is low. For PIC and many biopolymer 
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hydrogels, polymer concentrations as low as 0.01 wt% are sufficient to form gels,13, 19, 38 whilst for most 
synthetic hydrogels, minimum polymer concentrations of at least an order of magnitude higher are 
required. The low polymer concentration is a direct result of the large persistence length of a polymer 
bundle, composed of multiple much more flexible polymer chains. Models show that the macroscopic 
stiffness of a gel G′ ∝ N3/2, which makes N an important parameter to optimize. An additional and 
intrinsic advantage of an architecture of bundled semi-flexible chains is that such hydrogels show a 
strain stiffening response.14, 20 Because of this stiffening response, such hydrogels can reach a high 
stiffness, even at very low polymer concentrations. 
Characterization of the bundled network structure is challenging, particularly since the network is dilute 
and relatively disorganized and polydisperse. We demonstrated that SAXS is a major tool to in situ 
uncover the network architecture and we showed how, after modelling the scattering data, key network 
parameters and length scales can be retrieved. Integration of SAXS with additional characterization 
techniques, such as mechanical characterization, may provide the required insights to develop many 
more synthetic strain stiffening hydrogels with bundled network structures in the near future. 
 
4.4 Experimental Section 
 
4.4.1 Sample preparation 
The PIC synthesis and characterization of the polymer length by viscometry were performed as 
previously described.20, 39 To make a polymer solution, the polymer was dissolved in 18 MΩ cm purified 
water at the desired polymer concentration by stirring in a cold room at T = 4 °C for at least 24 hours. 
Heating this solution above the gelation temperature leads to the formation of the PIC hydrogel. 
 
4.4.2 Small angle X-ray scattering (SAXS) 
SAXS measurements were performed at the BM26B station at the European Synchrotron Radiation 
Facility (ESRF) in Grenoble (France), particularly suited for polymers and soft matter.40-42 X-ray 
radiation with a wavelength of λ = 0.1 nm was used and the beam size at the sample was 1.3 x 0.3 mm 
(H x V). SAXS images were recorded on a noiseless, highly sensitive solid state Pilatus 1M detector 
with a pixel size of 172 x 172 μm and an array dimension of 981 x 1043 pixels. The sample-to-detector 
distance was 3.5 m for all measurements. The beam center and the scattering angle 2θ scale were 
calibrated using the position of diffraction peaks from a silver behenate standard powder. SAXS images 
were normalized by the primary beam intensity fluctuation and the scattering from the background was 
scaled for the sample transmission prior to perform the background subtraction. Background subtracted 
images have been radially integrated around the beam center using a python suite in order to obtain the 
I(q) vs q profiles, where q = 4π/λsinθ. Samples were contained in 2 mm quartz capillaries and inserted 
in a Linkam hot stage in order to control the sample temperature in the range of T = 5 to 50 °C. Absolute 
intensities were obtained using the secondary standard method with pure water.43 
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Fitting of the SAXS curves was achieved using the SASfit software.44 The scattering of the polymer 
chains in solution was described using a wormlike model according to Kholodenko:27 
 
),()2,,()()( CSp,00
2 RqPlLqPqI φρ∆=                 (4.1) 
 
where Δρ = ρpolymer – ρwater is the electron density difference between the polymer chain and the solution, 
φ is the polymer volume fraction, L is the chain contour length, lp,0 is the single polymer chain 
persistence length (half of the polymer Kuhn length) and R is the cross-sectional radius of the single 
polymer chain. 
The scattering from the polymer network in the hydrogel phase was described using a combination of 
the same wormlike model27 (describing the scattering from the polymer bundles) and of the Ornstein-
Zernike (OZ) model29 (describing the scattering from network heterogeneities, i.e. mesh size) according 
to the equation: 
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where Δρ = ρpolymer – ρwater is the electron density difference between the polymer bundles and the 
solution, φ is the polymer volume fraction, L is the contour length of the bundles, lp,B is the persistence 
length of the bundle (half of the Kuhn length), RB is the cross-sectional radius of the polymer bundles, 
I(0) is the forward scattering of the OZ term and ξOZ is the correlation length of the network 
heterogeneities. Note that since the contour length L of the bundles is larger than the SAXS resolution, 
we kept L fixed at 160 nm. In order to reduce the number of free parameters and considering that the 
persistence length of the bundle is quite large and has minor effect on the model in the fitted q-range, 
lp,B was set equal to 460 nm for all the gels, based on a theoretical model for semi-flexible polymer 
networks.19  
 
4.4.3 Micro differential scanning calorimetry 
Micro-DSC measurements were performed on a Multi Cell DSC (TA Instruments). The samples were 
loaded into the machine in the liquid state at T = 1.0 °C. The samples were heated at a rate of 0.25 °C 
min-1 to a maximum of T = 60 °C and subsequently cooled down at a rate of 2.0 °C min-1 to a minimum 
of T = 1.0 °C. The heating and cooling ramps were performed twice for all samples and all temperature 
profiles shown are the second heating ramps. The transition temperatures given correspond to the 
temperature at which a maximum in the heat capacity was reached. 
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4.4.4 Rheology 
Rheology measurements were performed on a stress-controlled rheometer (Discovery HR-1, TA 
Instruments) in an aluminum parallel plate geometry with a diameter of 40 mm and a gap of 500 µm. 
Samples were loaded into the rheometer in the liquid state at T = 5 °C. To determine the gelation 
temperature, the sample was heated at a rate of 1.0 °C min-1 and the complex modulus G* was measured 
by applying an oscillatory deformation of amplitude γ = 0.04 at a frequency of ω = 1.0 Hz. The gelation 
temperature values given correspond to the onset of the increase in the storage modulus G′ relative to 
the baseline. 
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4.5 Appendix 
 
 
Figure A4.1. Iq2 plotted as a function of q for a 5 mg mL-1 P1e hydrogel at T = 50 ˚C, showing the separate 
contributions of the Kholodenko term (dashed line) and the Ornstein-Zernike term (dash-dot line) used to fit the 
scattering data in the hydrogel phase at high temperatures. 
 
 
 
Figure A4.2. The network mesh size ξOZ, obtained from fitting the SAXS profiles of PIC hydrogels at T = 50 ˚C, 
decreases with increasing polymer concentration as c-0.56. 
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Figure A4.3. SAXS profiles for PIC solutions of P1a-P1e with different average polymer contour lengths at T = 
5 ˚C and a polymer concentration of 5 mg mL-1. 
 
 
 
Figure A4.4. SAXS profiles for PIC hydrogels of P1a-P1e with different average polymer contour lengths at T = 
50 ˚C and c = 5 mg mL-1. Solid lines are fits to the Kholodenko + Ornstein-Zernike model for the 55 nm, 110 nm 
and 160 nm polymers. 
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Figure A4.5. Enthalpy of transition ΔH as a function of polymer length L for the two thermal transitions observed 
in micro-DSC measurements in (a) J/g and (b) kJ/mole polymer. Error bars represent standard deviations over 
three samples. 
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5 
 
Structural changes of strain stiffening hydrogels under 
stress 
 
Abstract 
Networks of semi-flexible biopolymers, which are for example found in the extracellular matrix that 
surrounds cells, stiffen as they are deformed by external forces. This strain stiffenig response, which is 
fully reversible and does not permanently alter the microstructure of the polymer network, is common 
among biopolymer hydrogels but is rarely observed in hydrogels based on networks of synthetic 
polymers. For biopolymer networks, an entropic and an enthalpic molecular mechanism for strain 
stiffening have been proposed, based on theoretical simulations. Which of the two models works 
depends on the network microstructure and the stiffness of the individual fibers. Here, we experimentally 
study the molecular mechanism of strain stiffening for a synthetic hydrogel based on polyisocyanides, 
by measuring small angle X-ray scattering (SAXS) of these gels upon deformation. To this end, we 
combined a SAXS setup with a rheometer and measure the mechanical and structural properties of strain 
stiffening hydrogels simultaneously. Our scattering results show large structural changes in the polymer 
network at relatively small stresses, which suggests an entropic molecular mechanism for strain 
stiffening for these synthetic hydrogels. Experimentally revealing the stiffening mechanism in these gels 
will help the future design of new strain stiffening hydrogels based on synthetic polymers. 
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Dutch-Belgian beamline (DUBBLE) for SAXS measurements. The DUBBLE staff is acknowledged for 
supporting the SAXS experiments. Giuseppe Portale, Enrico Troisi and prof. Gerrit Peters are 
acknowledged for help with the rheoSAXS setup.  
Chapter 5 
90 
 
5.1 Introduction 
Most soft biological tissues stiffen as they are increasingly deformed, either by shear or extensional 
forces, thereby preventing large deformations that could threaten tissue integrity.1, 2 A well-known 
example of this is the mechanical response of the aorta to changes in blood pressure during beating of 
the heart.3 The stiffening response of the blood vessel wall prevents strains that would be large enough 
to increase the risk of rupture of the vessel. The extracellular matrix (ECM), which fills the space 
between cells within most soft tissues, also shows this strain stiffening behavior. The ECM is largely 
composed of semi-flexible biopolymers such as collagen and fibrin, which interact with each other to 
form porous networks of polymer bundles, and with cells through a complex series of cell-matrix 
interactions.4 Exactly how cells sense the properties of their surrounding matrix is still not fully known, 
but it is increasingly well established that the mechanical stiffness of the matrix plays an important role, 
as numerous studies have shown that changes in substrate stiffness can be used to control cellular 
behavior.5-10 Most of these studies, however use hydrogels based on synthetic, flexible polymers as 
matrix materials, which do not mimic the strain stiffening properties of the natural ECM. This difference 
in the mechanics of synthetic and biopolymer hydrogels has remained largely overlooked, even though 
it has been shown that cells respond to the nonlinear mechanical properties of their substrate.11-14 
The strain stiffening response of biopolymer networks is fully reversible and is not associated to any 
permanent changes in the fibrous network structure. The stiffness of these materials returns to its original 
level when the network deformation is removed, unless the network is deformed far enough to break 
crosslinks between the fibers. Based on extensive theoretical work, two different molecular mechanisms 
for the strain stiffening response of biopolymer networks have been proposed. Which theoretical model 
works, depends on the structure of the network and the stiffness of the individual fibers. A schematic 
representation of both mechanisms is shown in Figure 5.1. 
For a network of semi-flexible polymers, the strain stiffening response can be explained with an entropic 
model, with the assumptions that the network is homogeneous and the deformation is uniform (affine 
deformation) throughout the material.2, 15 The affine deformation leads to stretching of the semi-flexible 
polymers and the stiffness of the network comes from the resistance of the polymers against this 
stretching, which effectively reduces their thermal fluctuations (Figure 5.1a). For semi-flexible 
polymers, the relationship between the stretching force and the extension of the polymer chain is highly 
nonlinear, which results in a strain stiffening response of the polymer network.15 
An alternative, enthalpic model for strain stiffening has been proposed based on theoretical simulations 
of the deformation of networks of stiffer filaments.16-18 In this molecular mechanism, the amplitude of 
thermal fluctuations is negligible because of the higher stiffness of the single filaments. Therefore, the 
fibers bend at small deformations and the stiffness of the network comes from the enthalpic bending of 
the fibers (Figure 5.1b). At larger deformations, the fibers rotate and are aligned along the direction of 
the shear deformation. When they are aligned in the direction of the applied stress, further deformation 
results in enthalpic stretching of the stiff polymers. The transition from a bending-dominated to a 
stretching-dominated mechanical regime results in a strain stiffening response of the material, and the 
bending and alignment of the fibers also causes nonaffine deformations of the polymer network.16 
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Figure 5.1. Schematic representation of two different molecular mechanisms for strain stiffening of biopolymer 
networks in shear deformation. (a) In the entropic model, a shear deformation of the network results in stretching 
and compression of the semi-flexible polymers. The red polymer is stretched and the nonlinear force-extension 
relationship of the polymer leads to stiffening at larger network deformations. The blue polymer is compressed 
with negligible contribution to the network stiffness. (b) In the enthalpic model for stiffer polymers, a shear 
deformation of the network causes the blue polymer to bend, which determines the network stiffness at small 
deformations. The red polymer rotates and is aligned along the direction of the shear deformation. At large 
deformations, the red polymer is enthalpically stretched wich strain stiffens the network. The blue polymer buckles 
and does not contribute to the strain stiffening response of the material. 
 
Which of the two theoretical models works, depends on the specific properties of the polymer network. 
For reconstituted actin networks for example, it has been shown that the deformation is affine at high 
crosslink density but becomes nonaffine at lower crosslink densities.19 This indicates that denser, more 
homogeneous actin networks follow the entropic stiffening model, whereas sparsely connected networks 
follow the enthalpic stiffening model. Nonaffine deformations have also been observed in reconstituted 
fibrin and collagen networks, which are usually a mixture of unbundled protofibrils and much larger 
and stiffer bundled fibers.20-22 It is likely that both the entropic and enthalpic models contribute to the 
strain stiffening response of biopolymer networks, because the boundary between semi-flexible and stiff 
may be blurred by heterogeneities in the stiffness of individual fibers and the crosslink density of the 
network.12, 20 Defining the exact molecular mechanisms for strain stiffening in different materials, 
however will help the design of improved artificial hydrogel scaffolds with nonlinear mechanical 
properties for tissue engineering and wound healing applications. 
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In this chapter, we study the structure of a strain stiffening semi-flexible hydrogel under stress, to gain 
better insight into the molecular mechanism for strain stiffening of semi-flexible polymer networks. To 
study the hydrogel structure as a function of stress, we combined a rheometer with a small angle X-ray 
scattering (SAXS) setup. This rheoSAXS setup allows us to apply stress to a material and measure both 
the structural changes with SAXS and the mechanical response of the material using oscillatory 
rheology. As a synthetic model system, we use a hydrogel based on a semi-flexible network of ethylene 
glycol-functionalized polyisocyanides (PICs).23 This synthetic hydrogel uniquely mimics the strain 
stiffening response and bundled network structure of biopolymer gels based on actin or intermediate 
filaments, and offers the additional advantage of systematic manipulation of the mechanical response 
and microstructure of the network.24-26 Using SAXS measurements, we characterize how the 
microstructure of the PIC network changes with increasing stress, both in the linear mechanical regime 
at small deformations and in the nonlinear stiffening regime at large deformations. The observed 
changes in the SAXS curves with stress indicate an entropic strain stiffening response for the PIC 
hydrogels. Our results also demonstrate, however, that even for a synthetic system which allows for 
excellent molecular control, it is difficult to quantify the structural changes under stress by modelling 
the SAXS data, but the results presented in this chapter are a first step in experimentally verifying the 
molecular mechanisms for strain stiffening. 
 
5.2 Results and Discussion 
 
5.2.1 Experimental setup 
To measure the mechanical and structural properties of the PIC hydrogels simultaneously as a function 
of stress, we combined rheology and SAXS into a rheoSAXS experimental setup, which is shown in 
Figure 5.2. The rheometer is equipped with a custom-made Couette or concentric cylinder geometry 
with a small sample volume of approximately 2 mL. Both the outer and inner cylinder are made from 
polycarbonate, which is a suitable material for scattering measurements due to its high transparency. To 
minimize the scattering of the concentric cylinder geometry, the outer cylinder has a minimal thickness 
of 0.5 mm and the inner cylinder is partly hollow with an outer polycarbonate layer of 0.5 mm (Figure 
5.2a). In this way, the X-ray radiation passes through four layers of polycarbonate with a total thickness 
of 2 mm, whereas it crosses two layers of hydrogel sample with a total thickness of 1 mm before reaching 
the detector. The sample temperature is controlled using a small convection oven surrounding the 
geometry (not shown in Figure 5.2), equipped with two thin muscovite mica windows to allow the X-
ray beam to pass through. Evaporation of the hydrogel sample was prevented by covering the top of the 
sample with a small layer of silicon oil. 
The nonlinear mechanical properties of the PIC hydrogels were measured using a pre-stress protocol.27 
For these measurements, the sample was subjected to a steady pre-stress σ for five minutes through 
rotation of the inner cylinder. A small oscillatory stress δσ was superposed during these five minutes at 
a frequency of ω = 1.0 Hz to determine the hydrogel stiffness, represented by the differential modulus 
K′ = δσ/δγ, where δγ is the resulting oscillatory deformation. During the five minutes that the sample is 
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deformed, it is irradiated with X-rays for a period of four minutes and the small angle scattering intensity 
was collected at a sample to detector distance of 3.5 m. Next, both the steady and oscillatory stress were 
removed and the sample was allowed to relax for two minutes. This cycle of seven minutes in total was 
repeated multiple times at increasing pre-stress σ, yielding both the small angle scattering intensity and 
the differential modulus K′ as a function of σ. 
 
Figure 5.2. Experimental rheoSAXS setup to study the structure of hydrogels under stress. (a) Schematic 
representation of the experimental setup. The hydrogel sample is contained in a polycarbonate (PC) cup with a 
partly hollow PC cylinder inside, that is rotated by the rheometer to deform the hydrogel. The X-rays pass through 
the hollow part of the inner cylinder to reduce background scattering from the PC. (b) Photo of the experimental 
rheoSAXS setup without the convection oven. 
 
As a strain stiffening biomimetic material, we use a hydrogel based on synthetic polyisocyanides. The 
gel-forming PIC polymers are composed of a helical polyisocyanide backbone that is on every carbon 
atom substituted with a di-alanine substituent and covered by a tri(ethylene glycol) tail (Figure 5.3), 
which makes the polymer thermoresponsive.23, 28 An aqueous PIC solution shows a phase transition from 
a low viscous solution to a transparent elastic gel when heated beyond its lower critical solution 
temperature (LCST). This gelation process is caused by the aggregation of the polymer chains into a 
porous network of semi-flexible polymer bundles. As shown by static SAXS measurements, discussed 
in the previous chapter, the polymer contour length L has a large influence on the bundled network 
structure and the resulting scattering curves.26 Therefore, we used five different polymers P1a-e, with 
average contour lengths ranging from L = 51 to L = 160 nm (Figure 5.3). The polymer length is 
controlled by the polymerization conditions and also has a large influence on the mechanical properties 
of the hydrogels at elevated temperatures.24 The hydrogel mechanics further depend on the polymer 
concentration c and the temperature of the sample. 
a b 
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Figure 5.3. Molecular structure of the ethylene glycol-substituted polyisocyanides P1a-e, with the helical polymer 
backbone in purple, the di-alanine substituent in red and the tri(ethylene glycol) side chain in blue. The five 
polymers P1a-e have different average chain contour lengths L, ranging from 51 nm for P1a to 160 nm for P1e. 
 
Since PIC samples with low polymer concentrations scatter too weakly to record reliably, the majority 
of the rheoSAXS measurements were performed at samples with c = 5 mg mL-1. The limited solubility 
of PIC polymers prevents the preparation of samples with higher polymer concentrations. All 
measurements were performed at T = 37 °C, which is well above the gelation temperature of all PIC 
polymers used. To verify that our custom made experimental setup yields reliable scattering data, we 
compared the scattering results of a 5 mg mL-1 P1e sample contained in the rheoSAXS setup to the 
scattering curve of a sample contained in a quartz capillary (Figure 5.4a). Both the shape of the scattering 
curve and the absolute scattering intensity are very similar for the two methods, indicating that we can 
reliably record SAXS data for the PIC hydrogel in the Couette setup. Furthermore, the SAXS curve 
shown in Figure 5.4a was recorded while the hydrogel sample was subjected to a continuous oscillatory 
stress at a frequency of ω = 1.0 Hz and a small stress amplitude of δσ = 0.1 Pa, which does not seem to 
affect the scattering curve of the PIC hydrogel. The SAXS curve measured in the Couette setup does 
show some small deviations from the capillary data in the high q-range. Around q = 2 nm-1 there is a 
small peak in the scattering intensity, which is probably caused by some background scattering from 
either the polycarbonate geometry or the windows of the surrounding convection oven. Also in the low 
q-range, at q < 0.1 nm-1, the two scattering curves slightly deviate, but the differences in scattering 
intensity are minimal and the qualitative shape of the SAXS curves is the same. 
The rheology data obtained with the rheoSAXS Couette geometry was also verified, by comparing it to 
rheology data obtained with a conventional parallel plate geometry (Figure 5.4b). With both geometries, 
the differential modulus K′ was measured as a function of stress for a 5 mg mL-1 P1e sample using the 
previously described pre-stress protocol. As shown in Figure 5.4b, the modulus of the PIC hydrogel 
obtained with the rheoSAXS setup is slightly higher over the whole stress range, but the qualitative 
shape of the two curves is again the same. For both geometries, we observe a linear regime at low 
stresses where K′ is constant and a nonlinear regime at higher stresses where the sample stiffens and K′ 
increases with stress. Also the critical stress σc, the minimal stress at which the hydrogel starts to stiffen, 
is the same for both measurements. These results verify that we can reliably measure both the 
mechanical and structural properties of the PIC hydrogels simultaneously using this experimental setup. 
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Figure 5.4. Comparison of rheoSAXS experimental data with conventional SAXS and rheology measurements 
for a 5 mg mL-1 P1e sample. (a) SAXS curves for a 5 mg mL-1 P1e sample at T = 37 °C contained in a quartz 
capillary (black squares) or in the rheoSAXS Couette setup (red circles), showing almost identical scattering 
signals. (b) Differential modulus K′ as a function of stress σ for a 5 mg mL-1 P1e sample at T = 37 °C, measured 
with a conventional parallel plate geometry (black squares) or with the rheoSAXS concentric cylinders geometry 
(red circles), showing a slightly higher modulus for the sample measured with the rheoSAXS setup. 
 
5.2.2 Changes in scattering intensity with increasing stress 
To test how the structure of the strain stiffening PIC hydrogels changes as a function of stress in both 
the linear and nonlinear mechanical regimes, SAXS curves of the gel were recorded upon increasing the 
applied pre-stress σ from 1 to 500 Pa (Figure 5.5). Note that the data is split in a low stress regime with 
σ < 30 Pa (Figure 5.5a) and a high stress regime with σ ≥ 30 Pa (Figure 5.5b). In the linear regime at 
small stresses, the shape of the scattering curves clearly changes upon increasing σ; the scattering 
intensity in the low q-range increases with stress, whereas at higher q values (q > 1 nm-1) the intensity 
remains constant and all curves overlap. Qualitatively, we observe that the shape of the SAXS curves 
changes through the development of a shoulder in the scattering intensity at q ≈ 0.4 nm-1 upon increasing 
stress. For the SAXS curves at very small stress (σ < 5 Pa), the scattering intensity gradually decreases 
with q, whereas at higher stresses the curves show two regimes: a first regime at q > 0.4 nm-1 where the 
intensity strongly decreases with q and a second regime at q < 0.4 nm-1 where the scattering intensity 
shows a weaker q-dependence. When sufficiently stressed (σ > 30 Pa), the shape of the SAXS curves 
does not change anymore upon further increasing the applied stress (Figure 5.5b). Only at very high 
stresses, close to the point at which the hydrogels breaks, the scattering intensity shows a small decrease 
in the high q-range. The SAXS curves at different stresses indicate that the most prominent structural 
changes in the polymer network occur at very small stresses or deformations, while at larger stresses the 
structure of the network remains similar. 
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Figure 5.5. SAXS curves for a 5 mg mL-1 P1e sample at T = 37 °C with increasing stress σ. (a) At small stresses, 
the shape of the scattering curves changes with increasing stress. The scattering intensity in the low q-range 
increases, whereas in the high q-range the intensity does not change. (b) At larger stresses, the SAXS curves do 
not significantly change upon further increasing the stress. Only at very high stresses, close to the point at which 
the hydrogel sample breaks, the scattering intensity slightly decreases. 
 
To directly compare the changes in the SAXS curves as a function of stress to the strain stiffening 
response of the PIC hydrogels, we use the rheoSAXS setup to simultaneously measure the scattering 
intensity and the differential modulus K′ for the same sample in situ (Figure 5.6). Since the largest 
changes in the SAXS curves occur at low q-values, we follow the scattering intensity at q = 0.1 nm-1, 
averaged over ten data points around this q-value to reduce noise. In both the scattering intensity and K′ 
as a function of σ, two different regimes are clearly observed (Figure 5.6). At small stresses, we observe 
a linear regime where the hydrogel stiffness is constant but the scattering intensity strongly increases 
with stress (blue dots). At high stresses in the nonlinear regime, the opposite trend is observed: the 
material stiffens as shown by the increase in K′ with σ, but the scattering intensity remains constant and 
even shows a small decrease at very high stresses (red dots). 
The critical stress σc at which the material enters the nonlinear regime and starts to stiffen is about 60 
Pa for a 5 mg mL-1 P1e sample, which corresponds well to the stress at which the increase in scattering 
intensity levels off. This indicates that the transition from the linear to the nonlinear mechanical regime 
coincides with the transition from a regime where an applied stress leads to large structural changes in 
the polymer network to a regime where the structure of the network hardly changes with additional 
stress. This observation is in agreement with an entropic model for strain stiffening, where small stresses 
would lead to stretching and compression of the semi-flexible PIC bundles, which siginficantly alters 
the architecture of the network. At high stresses, however, the non-linear force-extension relationship 
of the semi-flexible polymer bundles prevents large changes in the network architecture.2, 15 In the 
enthalpic stiffening model on the other hand, the linear regime at small stresses is dominated by bending 
of the individual fibers and therefore large changes in the network structure are not expected at small 
network deformations.16 
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Figure 5.6. Combined mechanical and structural information from rheoSAXS measurements for a 5 mg mL-1 P1e 
hydrogel at T = 37 °C. Both the differential modulus K′ and the scattering intensity at q = 0.1 nm-1 show two 
regimes as a function of stress. In the linear regime at low stress, K′ remains constant and the scattering intensity 
increases with stress. In the nonlinear regime at high stress, K′ increases and the scattering intensity remains almost 
constant upon further increasing the stress. 
 
In order to get more quantitative information about the changes in the polymer network structure upon 
deformation, the scattering data was fitted to a model containing a Kholodenko term29 and an Ornstein-
Zernike term.30 As discussed in the previous chapter, this composite model can be used to accurately 
describe the SAXS curves of PIC hydrogels at elevated temperatures without any stress applied.26 
Details on the scattering model and the fitting procedures are given in the Experimental Section 5.4.2. 
To reduce the number of fitting parameters in the combined Kholodenko/Ornstein-Zernike (KOZ) 
model, the contour length L of the PIC bundles was fixed at 160 nm and the persistence length of the 
bundles lp,B was set equal to 460 nm for all hydrogels. These values were also used to model the 
scattering curves for PIC hydrogels at zero stress.26 The precise values of lp,B and L, however have little 
effect on the fitting results because the values are well outside the accessible range of scattering angles. 
Furthermore, the cross-sectional radius of the PIC bundles RB was fixed at 2.8 ± 0.2 nm based on fitting 
the SAXS curve of a capillary sample of P1e at T = 37 °C, since applying a macroscopic stress to the 
PIC hydrogels is not expected to change RB of the polymer bundles. 
 
Chapter 5 
98 
 
 
Figure 5.7. SAXS curves for a 5 mg mL-1 P1e sample at T = 37 °C at different stresses, with the best fits to the 
composite model with a Kholodenko term and an Ornstein-Zernike term (solid lines). To aid in visualization, the 
curves and corresponding fits have been shifted vertically by the factors indicated in the graph. 
 
Figure 5.7 shows the best fits to the KOZ model using fixed values for L, lp,B and RB, for a PIC hydrogel 
sample with increasing σ. The SAXS curves at small stresses (red squares and blue circles) are described 
very accurately by this composite model. Upon increasing the stress, however, the best fits to the KOZ 
model start to deviate from the experimental scattering data (green and purple triangles). Already at σ = 
30 Pa, still within the linear mechanical regime, the model is significantly different from the scattering 
data, both at small and large scattering angles. In the low q-range the model underestimates the scattering 
intensity, whereas in the high q-range the model overestimates the intensity. In other words, the KOZ 
model is unable to accurately capture the scattering data with the inflection point at q ≈ 0.4 nm-1. 
At very small stresses (σ < 10 Pa), however, the KOZ model can be used to quantify the changes in the 
PIC network structure, since the deformation of the network is very small (<1%) and the inflection point 
at q ≈ 0.4 nm-1 is not observed in the SAXS curves yet. From fitting the SAXS curves of the PIC hydrogel 
at these small stresses, we obtain a characteristic length scale ξOZ, which represents a length scale of 
heterogeneities in the PIC network.31 Since ξOZ shows a clear concentration dependence for the PIC 
hydrogels, we previously concluded that this length scale corresponds to the mesh size of the PIC 
network.26 In this experiment, we observe that ξOZ also shows a clear stress dependence, with ξOZ 
increasing as a function of σ (Table 5.1). This indicates that in the linear regime, the network mesh size 
significantly increases with applied stress, from 13 nm at σ = 0 Pa to 61 nm at σ = 30 Pa. It should be 
taken into account, however, that at higher stresses the KOZ model does not perfectly describe the 
experimental scattering data and therefore the values of ξOZ are less accurate at higher stresses. Such an 
increase in the network mesh size at small stresses is again in agreement with an entropic model for 
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strain stiffening, where stretching and compression of the polymer bundles would lead to stretching of 
the network pores. 
Besides an increase in ξOZ, we also observe an increase in the forward scattering intensity of the 
Kholodenko term N upon fitting the scattering data at increased stresses (Table 5.1). This forward 
scattering intensity N is determined by the polymer volume fraction φ and the electron density ρ of the 
polymer bundles, which are not expected to increase upon network deformation. Therefore, it is likely 
that the KOZ model that accurately describes the scattering of PIC hydrogels at zero stress, cannot be 
used to model the changes in the bundled network structure upon deformation very accurately. The 
observed increase in scattering intensity with stress could for example be caused by network anisotropy, 
due to stretching of the network pores along direction of the applied stress. In this way, the PIC network 
would change form a fully isotropic network at zero stress to a partially anisotropic network at increased 
stresses, which is not captured by the model currently used to fit the scattering curves. This would mean 
that the typical length scale of heterogeneities ξOZ splits into pairs that are either parallel or perpendicular 
to the direction of the applied deformation, whereas the current KOZ model only takes into account one 
value for ξOZ. Alternatively, the increase in scattering intensity could also be the result of an increase in 
lp,B with stress due to stretching out thermal fluctuations of the polymer bundles. But since the magnitude 
of lp,B lies well outside the accessible range of scattering angles, such a change is not expected to show 
up as an inflection point in the experimental q-range. So in order to better understand the results of the 
current and future rheoSAXS experiments, a more extensive fitting model which also takes into account 
network anisotropy is required. 
 
Table 5.1. Fitting parameters from the SAXS data of a 5 mg mL-1 P1e sample at T = 37 °C upon increasing the 
applied stress.a Note that at high stresses, the KOZ model does not accurately describe the experimental scattering 
data anymore and the obtained fitting parameters are thus less reliable. 
σ ξOZ N 
(Pa) (nm)  
0 13 0.7 
1 16 1.1 
2 19 1.4 
3 21 1.7 
5 31 2.1 
7 43 2.1 
11 51 2.2 
16 53 2.2 
22 58 2.3 
30 61 2.0 
a Key: σ is the externally applied pre-stress, ξOZ is the length scale of heterogeneities in the PIC network which 
corresponds to the mesh size of the network and N is the is the forward scattering intensity of the Kholodenko 
term, which is determined by the electron density difference between the polymer bundles and the solution Δρ and 
the polymer volume fraction φ. 
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5.2.3 Concentration dependence 
Previously, it has been shown that the mechanism of actin network deformation depends on the network 
density, with denser networks showing more affine network deformation compared to more sparsely 
connected networks.19 We also measured scattering as a function of stress for a PIC hydrogel with a 
lower polymer concentration c, and thus with a less dense polymer network. Since the scattering 
intensity of PIC hydrogels with very low polymer concentrations is too weak to measure reliably, we 
chose an intermediate polymer concentration of 2.5 mg mL-1. As shown in Figure 5.8, the SAXS curves 
show slightly more noise in the high q-range at this lower polymer concentration, but the typical shape 
of the scattering curve for the PIC hydrogels is clearly visible. 
At small stresses, the SAXS curves of the 2.5 mg mL-1 hydrogel show the same trend as for the sample 
with c = 5 mg mL-1. In the low q-range, the scattering intensity increases with σ and in the high q-range 
the scattering intensity does not significantly change, resulting in a different qualitative shape of the 
scattering curves for the deformed hydrogels (Figure 5.8a). At relatively low stress (σ ≈ 10 Pa), however, 
the increase in scattering intensity levels off and upon further increasing σ, the intensity shows a much 
stronger decrease as is observed for PIC hydrogel with c = 5 mg mL-1 (Figure 5.8b). Because of the 
lower critical stress for the 2.5 mg mL-1 sample (see top panel of Figure 5.9), the scattering of this 
hydrogel can be measured much further into the nonlinear stiffening regime before the gel breaks. As 
the stress is increased well above σc (σ > 100 Pa), the previously observed shoulder in the SAXS curve 
completely disappears and the scattering intensity shows the same q-dependence over a broad range of 
scattering angles (Figure 5.8b). Again, the changes in scattering intensity upon gel deformation cannot 
be modelled with the KOZ model that fits the SAXS curves at zero stress, probably due to network 
anisotropy at increased stresses. 
 
 
Figure 5.8. SAXS curves for a 2.5 mg mL-1 P1e sample at T = 37 °C with increasing stress σ. (a) At low stress, 
the scattering intensity in the low q-range increases, similar to the hydrogel with a higher PIC concentration of 5 
mg mL-1. (b) At larger stresses, however, the scattering intensity decreases over the whole q-range and the 
qualitative shape of the SAXS curves changes with stress. 
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Again we can directly compare the changes in scattering intensity as a function of stress to the strain 
stiffening response of the PIC hydrogel at this lower polymer concentration. Since σc increases 
quadratically with c,24 the 2.5 mg mL-1 PIC hydrogel starts to stiffen at about σ = 15 Pa, which is again 
similar to the stress at which the increase in scattering intensity levels off (Figure 5.9). In the linear 
regime, the relative increase in scattering intensity with σ is the same for both polymer concentrations. 
In the nonlinear regime, the scattering intensity decreases more strongly with stress for the gel with a 
lower PIC concentration. A possible explanation for this could be that the larger pore size of the network 
for the lower concentration gel leads to larger structural changes in the network upon deformation, due 
to stretching of the network pores for example. From static scattering experiments, we know that the 
PIC bundle size is independent of polymer concentration.26 Therefore, it is unlikely that the observed 
differences are caused by a different bundle architecture for the low concentration hydrogels under 
stress. Probably the less dense PIC network shows more nonaffine deformation, resulting in larger 
heterogeneities in the network upon applying stress. About the exact mechanism of deformation, 
however, we can only speculate until we have an adequate model to describe the changes in network 
structure with stress. 
 
 
Figure 5.9. Differential modulus K′ and the scattering intensity at q = 0.1 nm-1 as a function of stress for P1e 
hydrogels with c = 2.5 mg mL-1 (triangles) and c = 5 mg mL-1 (circles). Note that the scattering intensity is 
normalized by the polymer concentration in the bottom panel. For both samples, the transition from the linear to 
the nonlinear regime is observed in both K′ and the scattering intensity. 
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5.2.4 Polymer length dependence 
As shown in the previous chapters, the contour lentgh L of the PIC polymers has a large effect on both 
the architecture of the PIC network and the mechanical properties of the resulting hydrogels at elevated 
temperatures. Static SAXS measurements showed that shorter PICs aggregate into larger polymer 
bundles and form networks with a larger mesh size ξ (see Chapter 4). To study how these differences in 
network structure are affected under stress, rheoSAXS measurements were performed on hydrogels 
composed of five different PIC polymers P1a-e, with average contour lengths ranging from 51 nm for 
P1a to 160 nm for P1e as determined by viscometry. The rheoSAXS experiments were performed at a 
constant polymer concentration of 5 mg mL-1 to maximize the scattering intensity and at a constant 
temperature of 37 °C, just above the temperature at which the second thermal transition is observed for 
the shorter polymer chains.26 
Figure 5.10 shows how the SAXS curve of P1b, with L = 77 nm, changes upon increasing the applied 
stress. Qualitatively, the same trend is observed as for the hydrogels composed of longer P1e polymers: 
an increase in scattering intensity in the low q-range at small stresses (Figure 5.10a) followed by a 
decrease in the overall scattering intensity at very high stresses (Figure 5.10b). The absolute increase in 
scattering intensity with σ, however is much larger for the shorter P1b polymers, with the intensity 
increasing by almost one order of magnitude at low q values upon increasing σ from 0 to 30 Pa. 
Futhermore, the development of a shoulder in the scattering curves upon increasing σ is less clear for 
these shorter polymer hydrogels and the observed shoulder is shifted to lower q values of about 0.15 
nm-1 (Figure 5.10b), compared to q ≈ 0.4 nm-1 for P1e. The relatively large changes at small scattering 
angles for the P1b hydrogels upon deformation are probably related to the larger mesh size at zero stress 
for networks composed of shorter PICs, which would indicate that the observed shoulder in the SAXS 
curves at higher stresses is indeed related to changes in the size or shape of the network pores. 
 
 
Figure 5.10. SAXS curves for a 5 mg mL-1 P1b hydrogel at T = 37 °C with an average polymer contour length L 
of 77 nm. (a) At small stresses, a larger increase in scattering intensity with stress in the low q-range is observed 
compared to the hydrogels from longer polymers. (b) At large stresses, the scattering intensity again slightly 
decreases with σ. 
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The changes in scattering intensity at small angles as a function of stress are plotted in Figure 5.11, 
together with the mechanical stiffening response for hydrogels composed of the five different PIC 
polymers P1a-e. The mechanical response of the hydrogels shows a decrease in both the linear modulus 
G0 and the critical stress σc upon decreasing L, in agreement with previous results for PIC hydrogels at 
a lower polymer concentration of 1 mg mL-1.24 The sample with the shortest P1a polymers was studied 
over a range of smaller stresses, because this hydrogel is significantly more flexible and breaks at a 
relatively low stress of 30 Pa. The scattering intensity at q = 0.1 nm-1 again shows the same trend as a 
function of σ for all gels, independent of polymer length: in the linear regime the intensity increases with 
σ and in the nonlinear regime at high stresses the intensity decreases, except for the P1c hydrogel which 
shows a small increase in scattering intensity at high stress (green triangles in Figure 5.11). 
 
 
Figure 5.11. Differential modulus K′ and the scattering intensity at q = 0.1 nm-1 as a function of stress for P1a-
P1e hydrogels with different average polymer contour lengths L at c = 5 mg mL-1. The PIC hydrogels composed 
of shorter polymers show a much stronger increase in scattering intensity upon increasing the applied stress.  
 
The absolute increase in scattering intensity in the linear regime shows a clear trend with L, with 
hydrogels composed of shorter polymers showing a much larger increase in scattering intensity. This 
again indicates that the structural changes in the polymer network at small stresses are dominated by 
changes in the network pore size, which is larger for the hydrogels of shorter polymer chains. For the 
longer polymers P1c-P1e, the stress at which the scattering intensity levels off is similar to σc at which 
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the hydrogels start to stiffen. For the shorter P1a and P1b polymers, however, there is a clear maximum 
in the scattering intensity which occurs at a slightly higher stress than the critical stress of these 
hydrogels. This could be associated to more nonaffine deformation for the short polymer hydrogels due 
to their larger mesh size. As discussed before, a quantitative description of the changes in the PIC 
network structure is still lacking, but a qualitative trend in the structural changes of PIC hydrogels under 
stress with polymer length is clearly observed, 
 
5.3 Conclusions 
Even without fitting the SAXS curves to quantify the structural changes in the PIC networks with stress, 
the rheoSAXS data described in this chapter helps in defining the molecular mechanism for strain 
stiffening of the PIC hydrogels. Firstly, the largest changes in the scattering curves occur at relatively 
small stresses, in the linear mechanical regime. Furthermore, these changes in scattering intensity occur 
at small q-values, which indicates changes in the network structure at larger length scales such as the 
network mesh size rather than changes in the PIC bundle strcuture. These experimental observations are 
in agreement with the entroptic theoretical model for strain stiffenig, which predicts that the network 
deformation is dominated by stretching and crompression of the semi-flexible bundles. Such fiber 
stretching would indeed lead to changes in the polymer network structure on the length scale of the 
network mesh size, up to the point that the semi-flexible fibers start to resist stretching and the hydrogel 
stiffens. If the PIC hydrogels would stiffen according to the enthalpic stiffening model, the scattering 
curves would not be expected to show large changes at small stresses, because the linear regime is then 
dominated by bending of the polymer bundles which is not expected to lead to such large structural 
changes in the PIC network on larger length scales. 
An entropic model for strain stiffening is further supported by the relatively low persistence length of 
the PIC bundles, which is in the order of hundreds of nanometers.23 This is similar to the lp of 
intermediate filaments, which also form hydrogels that strain stiffen according to the entropic model.32 
Other biopolymer fibers such as actin, collagen and fibrin, however are much stiffer with a lp in the order 
of 10-100 µm, which makes nonaffine deformations and strain stiffening accroding to the enthalpic 
model more likely for these biopolymers.20, 21, 33 Furthermore, in the nonlinear regime at high stresses 
the PIC hydrogels show a stiffening response of K′ ∝ σ3/2, which is consistent with the nonlinear force-
extension behaviour of a single semi-flexible fiber and thus supports an entropic stiffening model.15, 23, 
34 For hydrogels of biopolymers with a much higher lp such as collagen, a weaker increase in gel stiffness 
in response to stress is observed, which indicates that strain stiffening of these gels not simply results 
from entropic fiber stretching but also fiber bending plays a role.35 
Initial attempts to fit the SAXS curves of the PIC hydrogels at small stresses indeed reveal an increase 
in the network mesh size, which could be caused by stretching out thermal fluctuations of the PIC 
bundles. To accurately describe the scattering data at higher stresses, an appropriate theoretical model 
should probably include changes in the shape or orientation of the network pores. It should be noted, 
however, that azimuthal integration of the two-dimensional scattering data does not reveal any 
orientational order in the PIC network under stress. Allignment of the PIC bundles at high stress, as 
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would be expected for the enthalpic stiffening model, is thus not observed. To get more quantitative 
information about how the network mesh size increases with stress, SAXS measurements at smaller 
sacttering angles could be performed. Such ultra-small angle X-ray scattering experiments may be able 
to capture the increasing mesh size of the network more accurately, especially for the networks of shorter 
polymers. Furthermore, additional evidence for an increase in the network pore size with stress could 
be obtained from computational modelling of the structure of the PIC network upon deformation. 
In conclusion, the combination of rheology and SAXS measurments can be a very powerful approach 
to study the structure of materials upon deformation. For the PIC hydrogels, these rheoSAXS 
experiments reveal that the polymer network shows different structual changes as a function of stress in 
the linear and the nonlinear mechanical regime. The large structural changes in the linear regime, in 
combination with initial fitting of the scattering data, strongly indicate an entropic mechanism for strain 
stiffening dominated by stretching of the semi-flexible PIC bundles. The rheoSAXS experiments 
described here also show that the mechanical and structural behaviour of the hydrogels under stress is 
affected by decreasing the polymer concentration or polymer length. This could be the result of more 
nonaffine deformation for the less dense polymer networks at these conditions. Modelling the SAXS 
curves will lead to a better understanding of the mechanisms of network deformation at different 
conditions. Ultimately, defining the exact molecular mechanisms for strain stiffening in synthetic PIC 
hydrogels will help the design of new artificial hydrogels with nonlinear mechanical properties, that 
could for example be used as biomimetic materials for tissue engineering applications. 
 
5.4 Experimental Section 
 
5.4.1 Sample preparation 
The PIC synthesis and characterization of the polymer length by viscometry were performed as 
previously described.24, 36 To make a polymer solution, the polymer was dissolved in 18 MΩ cm purified 
water at the desired polymer concentration by stirring in a cold room at T = 4 °C for at least 24 hours. 
Heating this solution above the gelation temperature leads to the formation of the PIC hydrogel. 
 
5.4.2 Small angle X-ray scattering (SAXS) 
SAXS measurements were performed at the BM26B station at the European Synchrotron Radiation 
Facility (ESRF) in Grenoble (France), particularly suited for polymers and soft matter.37-39 X-ray 
radiation with a wavelength of λ = 0.1 nm was used and the beam size at the sample was 1.3 x 0.3 mm 
(H x V). SAXS images were recorded on a noiseless, highly sensitive solid state Pilatus 1M detector 
with a pixel size of 172 x 172 μm and an array dimension of 981 x 1043 pixels. The sample-to-detector 
distance was 3.5 m for all measurements. The beam center and the scattering angle 2θ scale were 
calibrated using the position of diffraction peaks from a silver behenate standard powder. SAXS images 
were normalized by the primary beam intensity fluctuation and the scattering from the background was 
scaled for the sample transmission prior to perform the background subtraction. Background subtracted 
images have been radially integrated around the beam center using a python suite in order to obtain the 
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I(q) vs q profiles, where q = 4π/λsinθ. Samples were contained in a polycarbonate Couette geometry as 
described in the results and discussion section. The geometry was surrounded by a small convection 
oven, equipped with two thin muscovite mica windows, in order to keep the sample temperature constant 
at 37 °C. Absolute intensities were obtained using the secondary standard method with pure water.40 
Fitting of the SAXS curves was achieved using the SASfit software.41 The scattering from the polymer 
network was described using a combination of the wormlike model according to Kholodenko29 
(describing the scattering from the polymer bundles) and of the Ornstein-Zernike (OZ) model30 
(describing the scattering from network heterogeneities, i.e. mesh size) according to the equation: 
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where Δρ = ρpolymer – ρwater is the electron density difference between the polymer chain and the solution, 
φ is the polymer volume fraction, L is the contour length of the bundles, lp,B is the persistence length of 
the bundle (half of the Kuhn length), RB is the cross-sectional radius of the polymer bundles, I(0) is the 
forward scattering of the OZ term and ξOZ is the correlation length of the network heterogeneities. Note 
that since the contour length L of the bundles is larger than the SAXS resolution, we kept L fixed at 160 
nm. In order to reduce the number of free parameters and considering that the persistence length of the 
bundle is quite large and has minor effect on the model in the fitted q-range, lp,B was set equal to 460 
nm for all the gels, based on a theoretical model for semi-flexible polymer networks.23 Since the radius 
of the polymer bundles is not expected to change upon applying stress to the network, RB was fixed at 
2.8 ± 0.2 nm, based on fitting the scattering curve of a sample of P1e at T = 37 °C contained in a quartz 
capillary using the same Equation 5.1. 
 
5.4.3 Rheology 
Rheology measurements were performed on a stress-controlled rheometer (MCR 502, Anton Paar) in a 
polycarbonate concentric cylinder geometry with an outer cylinder diameter of 20 mm and an inner cup 
diameter of 21 mm. The geometry was surrounded by a small convection oven equipped with two thin 
muscovite mica windows to control the sample temperature. PIC samples were loaded into the rheometer 
in the liquid state at T = 10 °C and subsequently heated to T = 37 °C to form a hydrogel and equilibrated 
at this temperature for at least 15 minutes before starting the measurement. First the linear regime was 
studied by applying an oscillatory stress δσ = 0.1 Pa at a frequency of ω = 1.0 Hz, without any pre-stress 
σ applied. Next, we used a pre-stress protocol where the gel at T = 37 °C was subjected to a constant 
pre-stress σ = 1.0 – 500 Pa for a period of 5 minutes with a small oscillatory stress δσ superposed at a 
frequency of ω = 1.0 Hz. The superposed oscillatory stress was at least ten times smaller than the applied 
pre-stress. The differential modulus K′ is calculated from the resulting oscillatory deformation δγ as K′ 
= δσ/δγ. Drying of the samples was prevented by covering the top of the hydrogel with a small layer of 
silicon oil.  
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Increasing the sensitivity of strain stiffening hydrogels 
with carbon nanotubes 
 
Abstract 
The stiffness of cells and tissues is controlled by networks of semi-flexible polymers such as actin and 
intermediate filaments. These networks show nonlinear mechanical properties, with a stiffness that 
increases upon an applied stress. Mimicking such materials synthetically is challenging because of the 
high persistence length of such biopolymers and the composite nature of the networks formed by these 
polymers. In the cytoskeleton for example, actin and intermediate filaments coexist with stiff 
microtubules, which affect the mechanics of these semi-flexible networks. Here we show that 
composites of stiff carbon nanotubes and semi-flexible polyisocyanides can be used to synthetically 
mimic the mechanics of such biopolymer composites. We find that the carbon nanotubes have little 
effect on the linear network stiffness, but they enhance the strain stiffening response of the semi-flexible 
network, by increasing the sensitivity of the network towards an applied stress. These findings suggest 
that the nonlinear mechanical response of composite polymer networks such as the cytoskeleton can be 
more pronounced than would be expected based on measurements of reconstituted single filament type 
networks. 
 
 
Parts of this chapter have been submitted for publication as: 
 
Jaspers, M.; Vaessen, S. L.; Van Schayik, P.; Voerman, D.; Rowan, A. E.; Kouwer, P. H. J. Nonlinear 
mechanics of hybrid polymer networks, mimicking the complex mechanical environment of cells. 
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6.1 Introduction 
The shape and mechanics of cells are determined by fibrous biopolymer networks, which are part of the 
cytoskeleton. This cytoskeleton is largely composed of three subsystems; semi-flexible actin and 
intermediate filaments and stiffer microtubules.1 These three cytoskeletal components interact which 
each other, both directly through covalent binding and steric effects and indirectly via biochemical 
signalling or gene regulation.2 The mechanical properties of cytoskeletal networks are often studied 
using model networks of purified biopolymers. The mechanics of such networks are very different from 
networks of synthetic polymer chains, because their fibrillar structure results in a strain stiffening 
response upon deformation.3, 4 Purified semi-flexible networks of actin filaments or intermediate 
filaments strongly stiffen under the influence of an applied stress.5-7 These reconstituted single filament 
type networks, however do not take into account the composite nature of the cytoskeleton, which has 
been shown to promote surprising mechanical properties.8, 9 For example, actin and intermediate 
filament networks can stabilize microtubules so that they can withstand much larger compressive 
forces.10 Furthermore, it was found that a low concentration of microtubules promotes the strain 
stiffening response of semi-flexible actin networks, even in the absence of any direct coupling of the 
microtubules to the surrounding actin network.11 In these composite networks, the stiff microtubules 
suppress non-affine deformations of the surrounding actin network, thereby promoting its strain 
stiffening response.11, 12 Such a composite material more closely mimics the natural cytoskeleton, where 
a dilute network of stiff microtubules exists within a denser network of semi-flexible actin and 
intermediate filaments. 
Mimicking the natural cytoskeleton synthetically, however is even more challenging due to the high 
stiffness at the single filament level of all three cytoskeletal filaments compared to synthetic polymers. 
Most synthetic polymers have a persistence length lp in the sub-nanometer range, whereas intermediate 
filaments are the most flexible cytoskeletal filaments with a much larger persistence length of the order 
of 1 µm.1, 13 Actin filaments have an even larger lp of about 17 µm and microtubules are the stiffest with 
a lp of several millimetres.14, 15 Such stiff filaments are rarely found in synthetic polymer networks, which 
usually consist of cross-linked flexible polymers such as polyacrylamide or polyethylene glycol.16 
Hydrogels based on synthetic ethylene glycol-functionalized polyisocyanides (PICs), however have 
been shown to mimic gels from intermediate filaments in nearly all aspects, including their persistence 
length.17 As discussed in the previous chapters, heating a solution of PIC in water above its lower critical 
solution temperature (LCST), leads to the aggregation of the polymers into a network of semi-flexible 
polymer bundles with a persistence length lp,B in the range of hundreds of nanometers.17, 18 Because of 
the semi-flexible nature of these polymer bundles, the PIC hydrogels also show a strain stiffening 
response similar to many single filament type biopolymer networks.19-21 
Although a network of PICs is an excellent mimic of a network of semi-flexible biopolymers, the 
mechanical properties of a composite material such as the cytoskeleton are far more complex.8, 11 To 
start mimicking natural biopolymer materials with synthetic polymers more realistically, one should 
form a composite material by combining synthetic filaments with varying persistence lengths, similar 
to the different cytoskeletal components. Among the stiffest synthetic filaments known are carbon 
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nanotubes, which consist of individual graphene sheets rolled up to make a hollow structure. They are 
molecular in diameter, with an aspect ratio comparable to polymer chains and the tubes are very stiff 
with a lp of the order of tens to hundreds of micrometres for single-walled carbon nanotubes (SWCNTs) 
and even higher for multi-walled carbon nanotubes (MWCNTs).22 Combining these stiff carbon 
nanotubes with a network of PIC fibers allows us to study the influence of stiff rods on the mechanics 
of a biomimetic semi-flexible polymer network. 
In this chapter, we show that the addition of carbon nanotubes promotes the strain stiffening response 
of PIC hydrogels, by making the deformation of the PIC network more affine. The nanotubes increase 
the sensitivity of the hydrogels towards an applied stress or deformation, without altering the linear 
modulus of the gel. Our results suggest that the nonlinear stiffening response of semi-flexible polymer 
networks is more pronounced in composite networks such as the cytoskeleton, making these composites 
more sensitive towards an applied force than would be expected based on experiments with single 
filament type networks. Furthermore, we show that we can control the stiffening response of the 
composite hydrogels by varying the concentrations of the individual components and the size of the 
carbon nanotubes. 
 
6.2 Results and Discussion 
 
6.2.1 Hybrid hydrogel formation 
As a biomimetic semi-flexible polymer network we use PIC hydrogels, which have been shown to 
perfectly mimic the mechanical properties of intermediate filament networks.17 Because of the ethylene 
glycol side chains grafted on the polymer backbone, the PICs are thermoresponsive.23 At low 
temperatures, the polymers diffuse freely in solution. Heating this solution above the gelation 
temperature of about T = 18 °C causes aggregation of the polymers into a network of polymer bundles 
which leads to gelation of the polymer solution. At temperatures above the gelation temperature, the 
PIC solution transforms into a fully elastic hydrogel. This thermoresponsive gelation makes the 
formation of hybrid hydrogels with carbon nanotubes very straightforward. To make such composite 
hydrogels, a dispersion of carbon nanotubes in water was mixed with a solution of PIC in water at low 
temperature. Simply heating this mixture leads to gelation of the composite solution, resulting in a 
bundled PIC network with the carbon nanotubes physically entrapped, due to their relatively large size 
compared to the mesh size ξ of the PIC network (Figure 6.1). 
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Semi-flexible PIC network
+
Stiff carbon nanotubes Hybrid network
Figure 6.1. Schematic overview of the formation of PIC-carbon nanotube hybrid hydrogels. The semi-flexible 
PIC network (shown in red) is formed by heating a solution of these polymers above their gelation temperature. 
Mixing a cold PIC solution with an aqueous dispersion of carbon nanotubes (shown in black) results in the 
formation of a hybrid hydrogel upon heating. The carbon nanotubes get mechanically interlocked in the 
surrounding PIC network upon gelation because of their relatively large size compared to the mesh size of the PIC 
network. 
 
In order to study the effect of stiff filaments on the mechanics of a semi-flexible polymer network, we 
used three different types of commercially available carbon nanotubes: SWCNTs, MWCNTs and short 
SWCNTs. The SWCNTs have a much smaller diameter than the MWCNTs, as can be visualized by 
transmission electron microscopy (TEM, Figure 6.2). We find an average diameter of 1.8 nm for the 
SWCNTs, which is similar to the diameter of the single PICs in solution (Chapter 4). For the MWCNTs 
a much larger average diameter of 20 nm is found. The length of both types of nanotubes is of the order 
of 10 micrometres, which is more than two orders of magnitude larger than the mesh size of the PIC 
network, as determined previously by SAXS measurements.18 We also studied the effect of the carbon 
nanotube length LCNT by combining the PICs with shorter SWCNTs, which have a length in the order of 
1 µm and a similar diameter to the longer SWCNTs (Figure 6.2). In the TEM images of the three 
different types of carbon nanotubes we do not observe aggregation of the nanotubes, indicating that they 
are well dispersed in aqueous solution. 
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Figure 6.2. Transmission electron microscopy images of (a) SWCNTs, (b) MWCNTs and (c) short SWCNTs, the 
scale bar is 200 nm for all images. The average diameter of the carbon nanotubes obtained from these images is 
1.8 nm for SWCNTs and 20 nm for MWCNTs. 
 
  
a 
b 
c 
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6.2.1 Thermoresponsive mechanical properties 
Both single-walled and multi-walled carbon nanotubes were mixed with the PICs to form composite 
hydrogels. The gelation process as a function of temperature was followed by rheology measurements 
for PIC samples with and without carbon nanotubes added. For these measurements, the samples were 
loaded into the rheometer at T = 5 °C in the liquid phase and subsequently heated to T = 37 °C with a 
heating rate of 1 °C min-1. Figure 6.3 shows the storage modulus G′ as a function of temperature for 
composite samples with a PIC concentration of 1 mg mL-1 (Figure 6.3a) and 2.5 mg mL-1 (Figure 6.3b). 
At low temperatures, G′ is very low for all samples but at the gelation temperature, G′ sharply increases, 
marking the transition from the liquid phase to the hydrogel phase. 
From figure 6.3 it is clear that heating the PIC-carbon nanotube mixtures leads to gelation at the same 
gelation temperature as for PIC samples without carbon nanotubes added. Also, G′ in the hydrogel phase 
is not affected by the addition of either single-walled or multi-walled carbon nanotubes. This indicates 
that the nanotubes do not disturb the formation of the PIC network, but do not reinforce the network 
either. A similar effect has been observed for composite hydrogels of polyethylene glycol and carbon 
nanotubes24 and composites of F-actin and microtubules11, where a low concentration of nanotubes or 
microtubules has no significant effect on the modulus of the composite hydrogel. In other examples, 
however, it was demonstrated that carbon nanotubes can be used to increase the stiffness of hydrogels. 
For example, gels based on gelatin methacrylate25 or DNA26 show an increase in stiffness upon the 
addition of carbon nanotubes, as a result of hydrophobic and π-π interactions between the polymers and 
the carbon nanotube surface.  
 
 
Figure 6.3. Gelation of the PIC solution upon heating is not affected by the addition of single- or multi-walled 
carbon nanotubes, as shown by an increase of the storage modulus G′ with temperature for (a) 1.0 mg mL-1 PIC 
and (b) 2.5 mg mL-1 PIC with and without carbon nanotubes. 
 
For PIC no increase in gel stiffness is observed upon adding carbon nanotubes, which is likely caused 
by the absence of any specific interactions between the carbon nanotubes and the PIC network. The PIC 
polymers are hydrophilic because of the ethylene glycol side chains and the polymers do not have any 
aromatic regions, making interactions with the carbon nanotube surface unlikely. The modulus of the 
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composite hydrogels only depends on the PIC concentration, where a higher PIC concentration results 
in a stiffer hydrogel. Because of their relatively large length compared to the mesh size of the PIC 
network (~100 nm17, 18), the carbon nanotubes most likely get mechanically interlocked in the PIC 
network, without contributing to the stiffness of the resulting composite hydrogel. 
 
6.2.2 Stress-responsive mechanical properties 
Similar to cytoskeletal networks of actin and intermediate filaments, PIC hydrogels stiffen at relatively 
small stresses. The mechanical response of such strain stiffening hydrogels shows two distinct regimes: 
a linear regime at small stresses where the stiffness of the hydrogel is independent of the applied stress 
and a nonlinear regime at large stresses where the stiffness increases with stress. According to theoretical 
models for the deformation of semi-flexible polymer networks, the strain stiffening response can either 
be explained by affine network deformation resulting in compression and entropic stretching of the 
semi-flexible polymers,5, 6 or alternatively by nonaffine network deformations which result in local 
rearrangements of the network due to reorientation of the filaments in the direction of the applied 
stress.27-29 To study the full mechanical response for our composite materials, we used a pre-stress 
protocol where the material is subjected to a steady pre-stress σ, with a smaller oscillatory stress δσ 
superposed.30 From the resulting oscillatory deformation δγ, the stiffness of the hydrogel represented by 
the differential modulus K′ was calculated as K′ = δσ/δγ. 
Figure 6.4 shows the differential modulus K′ as a function of σ for PIC hydrogels at T = 37 °C with three 
different types of carbon nanotubes added. All hydrogels clearly show a linear regime at low stress and 
a nonlinear regime at higher stresses. Compared to PIC hydrogels without nanotubes (black squares), 
K` of the composite gels is higher in the nonlinear regime, whereas the linear stiffness is similar for all 
gels. Due to the logarithmic axes in in Figure 6.4, however, the relatively small differences in stiffness 
at high stress are not very clear. At high stress, all curves approach the theoretically predicted K′ ∝ σ3/2 
response, indicating that the stiffening response results from stretching the semi-flexible PIC fibers.31 
 
 
Figure 6.4. The differential modulus K′ as a function of stress σ, showing the stiffening response of PIC hydrogels 
with and without carbon nanotubes added at T = 37 °C, with a PIC concentration of (a) 1.0 mg mL-1 and (b) 2.5 
mg mL-1. The solid lines represent the theoretically predicted K′ ∝ σ3/2 response at high stress. 
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To study the effect of the nanotubes on the mechanics of the PIC hydrogels in more detail, we varied 
the nanotube concentration while keeping the PIC concentration constant at either 1 or 2.5 mg mL-1. 
Figure 6.5 shows K′ as a function of nanotube concentration both in the linear regime at low stress (σ = 
0 Pa) and in the nonlinear regime at high stress (σ = 40 Pa or σ = 100 Pa), for gels with PIC concentrations 
of 1 mg mL-1 (Figure 6.5a) and 2.5 mg mL-1 (Figure 6.5b). The addition of carbon nanotubes does not 
change the stiffness of the PIC gels in the linear regime at low stress, as was already observed in the 
temperature-dependent measurements. In this linear regime, K′ is independent of the applied stress and 
equals the plateau modulus G0, which does not change within the studied range of nanotube 
concentrations. Even at the highest concentrations studied, the nanotubes do not contribute to the 
stiffness of the composite, probably due to the absence of any specific interactions between the carbon 
nanotubes and the PIC network. 
 
 
Figure 6.5. Mechanics of PIC hydrogels with increasing concentrations of carbon nanotubes added. (a) Stiffness 
of PIC-carbon nanotube composites in the linear regime represented by the differential modulus K′ at σ = 0 Pa and 
the nonlinear regime represented by K′ at σ = 40 Pa for gels with a PIC concentration of 1 mg mL-1. (b) The 
differential modulus K′ in the linear regime at σ = 0 Pa and in the nonlinear regime at σ = 100 Pa for gels with a 
PIC concentration of 2.5 mg mL-1. Error bars represent standard deviations over two samples in both panels. 
 
In the nonlinear regime at high stresses, however, K′ is increased by the addition of either SWCNTs or 
MWCNTs (Figure 6.5). In this high-stress regime, the composite hydrogels are up to two times stiffer 
than the single filament type PIC gels. This increase in stiffness is the result of a change in the critical 
stress σc, the stress at which the material starts to stiffen. The carbon nanotubes lower σc of the PIC 
hydrogels, which means that the gels become more sensitive to an applied stress and that the stiffening 
response sets in at lower stress. This results in a higher gel stiffness at stresses higher than σc for 
hydrogels with increasing amounts of carbon nanotubes added. For all three types of nanotubes used, it 
is found that σc decreases with increasing nanotube concentrations (Figure 6.6a). This decrease in σc is 
larger for SWCNTs than for MWCNTs, and larger for long nanotubes than for short nanotubes. For the 
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longer SWCNTs, a very low nanotube concentration of only 0.005 wt% is already sufficient to lower σc 
and increase the sensitivity of the PIC gels. 
Although the sensitivity of the gels towards stress is altered by the addition of nanotubes, the stiffening 
response at high stress remains the same with all gels showing an increase in K′ with σ of approximately 
K′ ∝ σ3/2 (Figure 6.4). This means that the stretching response of the individual PIC bundles is not 
affected by the carbon nanotubes. The nanotubes probably alter the mechanics of the PIC hydrogels by 
supressing heterogeneities in the deformation of the surrounding polymer network. In this way the 
deformation of the PIC network becomes more affine, similar to what has been observed for composite 
gels of actin filaments and microtubules.11 The more affine deformation of the network shifts the 
transition from the linear regime to the strain stiffening regime to lower stresses. Because of the more 
homogeneous deformation of the network in the presence of carbon nanotubes, less stress is required 
for nonaffine network rearrangements and the stiffening response due to stretching of the semi-flexible 
PIC bundles sets in at lower stress. This higher sensitivity leads to an increased stiffness of the composite 
materials in the nonlinear regime at high stresses. 
 
 
Figure 6.6. Carbon nanotubes increase the sensitivity of strain stiffening hydrogels towards an applied stress or 
deformation. (a) The critical stress σc decreases with increasing nanotube concentration for gels with PIC 
concentrations of 1.0 and 2.5 mg mL-1. (b) The critical strain γc also decreases with increasing nanotube 
concentrations. This effect is strongest for hydrogels with long SWCNTs and lower PIC concentrations. Error bars 
represent standard deviations over two samples in both panels. 
 
The stronger effect on σc for SWCNTs compared to MWCNTs is simply the result of the lower 
molecular weight of the SWCNTs, so a lower nanotube concentration is sufficient to achieve the same 
effect as for the MWCNTs. When one considers that the molar concentration of the multi-walled 
nanotubes (0.25 mg mL-1 ≈ 50 pM) is about 100× lower than that of the single-walled nanotubes (0.25 
mg mL-1 ≈ 5 nM), the effects of the much more rigid multi-walled CNTs are astounding. The observed 
difference between long and short SWCNTs is in agreement with the hypothesis that the deformation of 
the network becomes more affine upon adding stiff carbon nanotubes. Longer nanotubes supress 
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heterogeneities in the deformation of the PIC network over larger length scales, leading to a larger 
decrease in σc than for shorter nanotubes. A second effect that is observed, is that the stress at which the 
gels break, σmax, also decreases by the addition of the nanotubes (Figure 6.4). If the nanotube 
concentration becomes too high, the composites break before showing significant stiffening upon 
applying stress. This prevents us from reliably measuring the nonlinear stiffening response of composite 
hydrogels with higher nanotube concentrations. Probably, at high nanotube concentrations the stress is 
more localized at certain points in the network, which leads to local fracture of the PIC network. This 
effect could possibly be prevented by introducing specific interactions between the nanotubes and the 
surrounding polymer network. 
From σc and G0 the critical strain γc can be calculated as γc = σc / G0, which corresponds to the deformation 
at which the material starts to stiffen up. Since increasing the nanotube concentration decreases σc while 
G0 remains constant, γc also decreases with nanotube concentration (Figure 6.6b). The critical strain is 
decreased up to a factor two for the largest nanotube concentrations investigated, making the hydrogels 
much more responsive to small deformations. This decrease in γc is also consistent with the hypothesis 
that the stiff nanotubes make the deformation of the PIC network more affine. If the deformation of the 
network is more homogeneous, a smaller strain is required to reach the critical point at which the 
polymers are being sufficiently stretched so that the material starts to stiffen. 
Again, SWCNTs show a stronger effect on γc than MWCNTs and longer nanotubes are more effective 
than shorter ones. But the decrease in γc with increasing nanotube concentration is also slightly larger 
for the hydrogels with a PIC concentration of 1 mg mL-1 than for the hydrogels with a polymer 
concentration of 2.5 mg mL-1 (Figure 6.6b). This difference can also be explained in terms of the 
heterogeneity of the PIC network, by assuming that a denser network with a smaller mesh size deforms 
more affine. Therefore the decrease in γc upon adding carbon nanotubes is smaller for the hydrogels with 
a higher polymer concentration. 
 
6.3 Conclusions 
The results presented in this chapter show that stiff rods such as carbon nanotubes can be used to enhance 
the strain stiffening response of semi-flexible polymer networks. Only small quantities of the stiff rods 
are sufficient to increase the sensitivity of the material towards an applied stress or deformation and 
thereby increase its stiffness in the nonlinear regime. Here we used a completely synthetic system of 
PICs and carbon nanotubes to mimic the mechanical response of composites of actin filaments and 
microtubules, which show a similar stiffening response.11 These results demonstrate that the mechanics 
of composite networks of natural biopolymers such as the cytoskeleton and the extracellular matrix can 
be mimicked synthetically, simply by combining synthetic filaments with different persistence lengths. 
Even without any specific binding interactions or cross-linkers between the two components, the 
properties of the composite material can be tuned by varying the concentrations of the individual 
components. The effect of stiff rods such as carbon nanotubes on a semi-flexible network are expected 
to be largest when the length scales in the composite network match: lp,CNT ≫ LCNT > lp,B ≈ ξ > lp,0, where 
lp,0 is the persistence length of a single PIC chain. For the composite networks discussed in this chapter, 
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lp,CNT ≈ 106 nm, LCNT ≈ 104 nm, lp,B ≈ 500 nm, ξ ≈ 100 nm and lp,0 ≈ 10 nm.17, 18 So the PIC-carbon 
nanotube composites are an excellent model system to study these effects. 
The observation that stiff rods such as carbon nanotubes or microtubules suppress nonaffine 
deformations in the surrounding polymer network and thereby increase its sensitivity to stress is highly 
relevant for natural biopolymer networks, which determine the mechanics of cells and tissues. These 
biological networks are composites of stiff and more flexible biopolymers, which suggests that their 
strain stiffening response may be more pronounced than would be expected based on measurements on 
gels of purified biopolymers. Purified networks of actin filaments, intermediate filaments, collagen or 
fibrin all show different sensitivities towards stress with a stiffening response at different critical stresses 
or deformations.3, 32 Combining such biopolymers into composite networks, as is done in nature, can 
increase their sensitivity and enhance their strain stiffening response.8 
In this chapter, it was shown that the same approach can be used for hydrogels composed of synthetic 
polymers. However, a limiting factor for using most synthetic polymers as biomimetic materials is their 
lp,0, which is much lower for synthetic polymers compared to biopolymers. Because of this low lp,0, 
synthetic semi-flexible polymer networks that show strain stiffening properties are rare.33 In order to 
mimic biopolymer materials more accurately with synthetic components, polymers with different 
persistence lengths, ranging from semi-flexible to stiff, are necessary. Furthermore, the mechanics of 
cytoskeletal networks not only depend on the three types of cytoskeletal filaments, but also on 
crosslinker proteins that mediate specific interactions between these different subsystems.34 For the 
synthetic composites used here, the two components only interact through non-specific steric 
interactions. Introducing specific interactions by crosslinking the different components will open up 
new possibilities to enhance the mechanical properties of composite hydrogels, and would be a next step 
towards synthetically mimicking the complex mechanical properties of biopolymer composites such as 
the cytoskeleton. 
 
6.4 Experimental Section 
 
6.4.1 Sample preparation 
Carbon nanotube dispersions in water were purchased from Nanostructured & Amorphous Materials, 
Inc. (Houston, TX) and were used as received. According to the product specifications, the diameter of 
the nanotubes is 1-2 nm for the SWCNTs and 20-30 nm for the MWCNTs and the length is between 10 
and 30 µm for both the SWCNTs and MWCNTs, and between 1 and 3 µm for the short SWCNTs. The 
synthesis of the PICs was performed as described previously.19, 35 The average contour length of the 
PICs was characterized by viscometry measurements as described in Chapter 2, yielding an average 
viscosity molecular weight of 425 kg mol‒1, which corresponds to an average stretched polymer length 
of 168 nm. The PICs were dissolved in 18 MΩ cm purified water in double the desired polymer 
concentration by stirring in a cold room at T = 4 ˚C for at least 24 hours. This PIC solution was mixed 
with an aqueous carbon nanotube dispersion, in double the desired nanotube concentration, in a 1:1 ratio 
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on ice. Heating this mixture to a temperature above the gelation temperature of the PICs leads to the 
formation of the composite hydrogel. 
 
6.4.2 Transmission electron microscopy 
The diameter of the carbon nanotubes used was verified by transmission electron microscopy (TEM). 
Measurements were performed with a JEOL JEM 1010 microscope with an acceleration voltage of 60 
kV and a charged coupled device (CCD) camera. The samples were prepared by placing 5 µL of a 0.05 
mg mL-1 carbon nanotube dispersion in water on a carbon-coated copper grid (200 mesh, EM science). 
The grid was air-dried for at least 24 hours at room temperature before measuring. Analysis of the 
images to obtain the carbon nanotube diameter was performed using ImageJ software. In this way, an 
average diameter of 1.8 nm was found for the SWCNTs and a much larger average diameter of 20 nm 
for the MWCNTs. In these TEM images we do not observe aggregation of the carbon nanotubes, 
indicating that they are well dispersed in solution. 
 
6.4.3 Rheology 
Rheological measurements were performed on a stress-controlled rheometer (Discovery HR-2, TA 
Instruments) using a steel parallel plate geometry with a plate diameter of 40 mm and a gap of 500 µm 
in a temperature-controlled environment. Samples were loaded into the rheometer in the liquid state at 
T = 5 ˚C and heated at a rate of 1.0 °C min-1 to T = 37 °C. During heating, the complex modulus G* was 
measured by applying an oscillatory deformation of amplitude γ = 0.04 at a frequency of ω = 1.0 Hz. 
To determine the plateau modulus G0, the sample was equilibrated at T = 37 ˚C for 10 minutes after 
which the storage modulus G′ was measured in oscillation, again with γ = 0.04 and ω = 1.0 Hz. 
The nonlinear regime was studied at T = 37 ˚C using a pre-stress protocol where the gel was subjected 
to a constant pre-stress σ0 = 0.2 - 500 Pa with a small oscillatory stress δσ superposed at a frequency of 
ω = 10 - 0.1 Hz, to determine the differential modulus K′. The magnitude of the oscillatory stress was 
at least ten times smaller than the applied pre-stress and K′ was independent of frequency. 
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Controlling the nonlinear mechanics of semi-flexible 
double-network hydrogels 
 
Abstract 
The mechanical and structural properties of the extracellular matrix play an important role in regulating 
cell fate. The properties of the cellular environment are controlled by a series of biopolymers that differ 
in persistence length to cover a broad mechanical spectrum. These biopolymers self-assemble into 
fibrous composite networks, where they interact both physically and chemically to make up a highly 
responsive and adaptive mechanical environment for cells. A unique property of biopolymer networks 
is their strong stiffening response upon deformation, but very little is known about how this response is 
affected by the composite nature of these networks and interactions between the components. Here we 
show how the mechanics of strain stiffening hydrogels can be controlled by combining two networks of 
semi-flexible polyisocyanide and fibrin fibers into double-network hydrogels. At relatively low 
concentrations of both polymers, the mechanics can be manipulated over a broad range by varying the 
ratio of the two components and the interactions between them. The effect of changes in gel mechanics 
on cellular behaviour are investigated, by studying cell spreading on single- and double-network 
hydrogels. We find that the trends observed in cell spreading cannot be explained by the macroscopic 
gel stiffness, but correlate to the density of the fibrin fibers the gels are composed of, indicating that the 
microscopic properties of individual fibers play an important role in determining cell behaviour. 
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7.1 Introduction 
Life is supported by semi-flexible fibrous polymer networks. The biopolymers that form these networks 
are found both inside cells (the cytoskeleton) and in their environment (the extracellular matrix, ECM).1 
The adhesion of cells to the extracellular matrix has a profound impact on celullar behaviour, influencing 
cell spreading, migration and differentiation.2, 3 Precisely how cells sense their environment is still 
unclear, but it is now well-established that the mechanical properties of the ECM play an important 
role.4-6 Studies on 2D model substrates, typically polyacrylamide hydrogels, have shown that cells 
spread more on stiff substrates and tend to differentiate into lineages reflecting the stiffness of the 
substrate.4 Hydrogels composed of flexible synthetic polymer chains, however do not adequately 
represent the physical nature of the ECM. The extracellular biopolymer networks in the human body, 
for example collagen and fibrin, are usually fibrillar and are composed of crosslinked semi-flexible 
fibers. These semi-flexible fibers are formed through bundling of individual filaments, leading to a 
complex hierarchical structure.7 This structural design gives these networks unique mechanical 
properties known as strain stiffening, i.e. their stiffness increases under an applied stress or deformation.8 
The mechanics of these biopolymer materials are thought to play a fundamental role in their biological 
function through a process of mechanotransduction.9-12 In contrast to natural ECM gels, commonly used 
synthetic hydrogels based on flexible polymer chains do not possess such strain stiffening properties 
and their stiffness remains constant up to very large strains.8 
The hierarchical structure of the natural ECM is further complicated by its composite nature. To cover 
the broad mechanical spectrum from sensing to motility, networks of different biopolymer components 
ranging from very flexible (e.g. glycans) to semi-flexible (e.g. collagen and fibrin) exist side-by-side 
and interact both physically and chemically. This hierarchical structure makes the mechanical 
environment of cells in vivo highly adaptive and therefore difficult to mimic synthetically. One step 
closer to the biological systems are composite or double-network hydrogels, which are composed of two 
different polymer networks, either chemically conjugated or just mechanically interlocked. Composites 
of two synthetic flexible polymers have been shown to possess extremely high mechanical strength and 
toughness compared to their single-component equivalents.13-15 Although mechanically well understood, 
these materials are unlikely candidates to serve as synthetic ECM mimics, since they are composed of 
flexible polymer chains and do not form the strain stiffening fibrous structures that are found for 
biopolymer networks. 
Biopolymer composites are already used extensively in tissue engineering applications,16 for example, 
collagen-alginate composites that form dynamic extracellular matrices to control cell spreading and 
movement.17, 18 Surprisingly little is known, however, about how the strain stiffening response of semi-
flexible hydrogels is affected by the composite nature of natural biopolymer networks such as the 
extracellular matrix,19, 20 and how physical or chemical interactions between the different components 
can be used to tailor the mechanical properties. 
In this chapter, two semi-flexible polymer networks are combined into double-network hydrogels and 
the effects on the (nonlinear) mechanical properties of the resulting composites are studied. As the first 
component we use a synthetic biopolymer mimic based on polyisocyanides21 (PICs), which form 
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hydrogels that uniquely resemble both the fibrillar structure and strain stiffening response of biopolymer 
gels.22-24 As the second semi-flexible component we chose the biopolymer fibrin, a plasma protein that 
has a natural function as a cell scaffold during wound healing and is popular for clinical and 
bioengineering applications.25 Individually, both components show strain stiffening behaviour in the 
same stress range.22, 26 This similarity of the mechanical properties prompted us to combine the PICs 
with fibrin into composite hydrogels in which the two semi-flexible networks are either mechanically 
interlocked or specifically conjugated. The mechanical properties of the resulting double-network gels 
tell us how strongly the nonlinear mechanics can be manipulated, even at very low concentrations of 
either component. Furthermore, the presence of the fibrin fibers makes these double-network hydrogels 
biocompatible, which allows us to systematically study the influence of network structure and 
mechanics on cell behaviour. 
 
7.2 Results and Discussion 
 
7.2.1 Formation of semi-flexible double-network hydrogels 
The structure of the semi-flexible double-network hydrogels is schematically shown in Figure 7.1. The 
primary component of the gels is the ethylene glycol-functionalized PIC. This biomimetic synthetic 
polymer offers the additional advantage of excellent molecular control and can be equipped with 
virtually any desired functional group at its periphery, including peptides, dyes and proteins.27 Heating 
a solution of the thermoresponsive PICs above the gelation temperature of ~18 °C causes aggregation 
of the polymers into bundles with a persistence length in the order of hundreds of nanometers, making 
these bundles semi-flexible.21, 24 The hydrogel formed by the polymer bundles is fully elastic and shows 
many similarities with reconstituted hydrogels of biopolymers.21, 22 Recently, stem-cell studies with 
peptide-modified PIC hydrogels underlined how strongly gel composition and mechanics can affect 
differentiation outcomes in soft matrices.28 
The semi-flexible fibrin fibers used as the second component of the double-network hydrogels are 
formed through polymerization of fibrinogen monomers, which is initiated by the enzyme thrombin. 
Typically, the fibers have persistence lengths of tens of microns and form a network through crosslinking 
by factor XIII.29, 30 More information on the structure and mechanical properties of reconstituted fibrin 
hydrogels is given in the introduction, section 1.7.1. The porous fibrin gel structure is ideally suited as 
a 3D cell culture matrix.25 A combination of a fibrin network with unfunctionalized PICs yields 
mechanically intertwined networks of two semi-flexible fibers, which only interact sterically (Figure 
7.1). To introduce specific interactions between the two components, PIC was functionalized with 
peptides that specifically bind to the fibrin network, resulting in double-network hydrogels with two 
conjugated semi-flexible networks. The combination of two semi-flexible polymers into a composite 
material has natural analogues in the cytoskeleton (actin and intermediate filaments) as well as in the 
extracellular matrix (collagen and fibrin). 
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Figure 7.1. Schematic overview of the structure of PIC-fibrin double-network hydrogels. The primary component 
of the gels is a network of semi-flexible polyisocyanopeptides (shown in red), which is formed by heating an 
aqueous PIC solution above its gelation temperature. The second component of the hybrid hydrogels is a network 
of semi-flexible fibrin fibers (shown in blue). The double-network gels are formed by polymerization of fibrinogen 
monomers in the presence of a pre-formed PIC network, resulting in either mechanically interlocked or covalently 
conjugated semi-flexible networks. 
 
The mechanical properties of the PIC-fibrin composites and pure fibrin hydrogels were studied with 
rheology, after in-situ preparation of the gels between the rheometer plates (details are given in the 
experimental section). At low stress σ (and low strain γ), we probe the complex (linear) shear modulus, 
which is dominated by the storage modulus G′. At higher stresses, we enter the nonlinear mechanical 
regime, characteristic for semi-flexible fibrous networks, and the modulus becomes a function of the 
applied stress. The stiffness of the materials is then better described by the differential modulus K′ = 
δσ/δγ. Note that in the linear regime, at low stress, K′ = G′. Simulations on interpenetrating semi-flexible 
networks predict very rich mechanical properties, depending on the persistence length and ratio of the 
two components.20 Here, we discuss the experimental results of composite semi-flexible networks with 
different compositions. 
Fibrin gelation is initiated by the enzyme thrombin and is clearly marked by the large increase in 
stiffness after about 15 minutes (Figure 7.2a, blue dots). To form the composite hydrogel, a cold PIC 
solution in cell culture medium with thrombin present was mixed with a cold fibrinogen solution in PBS 
buffer in a 1:1 ratio. Heating this combined solution to T = 37 °C results in fast PIC network formation 
and the much slower initiation of fibrin network formation, which again is marked by the increase in G′ 
after about 15 minutes (Figure 7.2a, dark red squares). At the chosen concentrations and conditions, the 
individual PIC and fibrin networks have similar stiffnesses. The linear modulus of the double-network 
hydrogel equals the sum of moduli of the individual components, as would be expected for two networks 
which do not specifically interact. 
Semi-flexible PIC network
+
Semi-flexible fibrin network Double network
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Figure 7.2. Linear rheology of PIC-fibrin hybrid hydrogels. (a) Time trace of the storage modulus G′, showing the 
formation of the fibrin network in the presence of the PIC network (dark red squares) and without the PIC network 
(blue dots) at T = 37 °C. In the composite hydrogel, the starting modulus at t = 0 s is much higher because the PIC 
network is formed already. (b) Time trace of G′ of the PIC-fibrin (1 mg mL–1 / 3 mg mL–1) double-network 
hydrogel through a cooling and heating cycle. At t = 0 s, only the PIC network is present; at t ≈ 3000 s, G′ has PIC 
and fibrin contributions; cooling shows G′ of fibrin only and reheating restores the modulus completely. 
 
The order of network formation may be important for the properties of the double-network hydrogel. 
Through the relatively slow polymerisation process of fibrinogen, the fibrin network grows in the 
already established PIC network. By using the thermoresponsive nature of the PIC hydrogels, the order 
of network formation can also be reversed (Figure 7.2b). When the double-network gel is cooled below 
the gelation temperature Tgel of PIC, the PIC network selectively disassembles and the polymers 
dissolve, which leaves only the fibrin network with a modulus similar to the sample prepared in the 
absence of PIC. Reheating the sample causes a sharp increase in G′ at the PIC gelation temperature and 
at T = 37 °C, the modulus of the composite hydrogel is fully restored. The two networks seem mutually 
compatible and the formation of either network is not hindered by the presence of the other. 
 
7.2.2 Strain stiffening of semi-flexible double-network hydrogels 
Whereas the linear stiffness of PIC and fibrin hydrogels is very similar, the nonlinear stiffening response 
to stress of the individual hydrogels is very different. Since fibrin and PIC gels individually are both 
strongly strain stiffening materials, the differential modulus K′ was measured as a function of the applied 
stress using a pre-stress protocol.31 As discussed extensively in previous chapters, K′ shows two distinct 
regimes for the single-component PIC hydrogels at T = 37 °C: a linear regime at low stress where the 
stiffness is constant and K′ equals the plateau modulus G0 and a nonlinear regime at high stresses where 
the stiffness increases with applied stress as K′ ∝ σm, with stiffening index m ≈ 3/2 at elevated 
temperatures. This 3/2 index is associated to the entropic elasticity of semi-flexible polymers.32, 33 
The nonlinear mechanical response of the single-component fibrin hydrogels is more complex: with 
increasing shear stress, there is a linear regime which is followed by a strain stiffening regime, then a 
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second strain-independent regime, and finally another strain stiffening regime (Figure 7.3). This 
complex mechanical behaviour was recently shown to originate from the hierarchical architecture of the 
fibrin fibers.26, 34 The first stiffening regime is entropic in origin and results from pulling out thermal 
slack from fiber segments between network crosslinks, while the second stiffening regime is the result 
of force-induced changes in the molecular packing structure of the fibers. The first stiffening regime 
shows an increase in stiffness with stress of about K′ ∝ σ0.75 whilst the second stiffening regime is 
expected to eventually reach K′ ∝ σ3/2 at very high stresses.26 As shown in Figure 7.3, increasing the 
fibrin concentration from 1 to 5 mg mL-1 results in an increase of both the linear modulus G0 and the 
critical stress σc, the stress at which the the material starts to stiffen. All fibrin hydrogels, however show 
a similar stiffening response of about K′ ∝ σ0.75 at stresses higher than σc, independent of fibrin 
concentration. 
 
 
Figure 7.3. Differential modulus K′ as a function of stress σ for fibrin hydrogels with increasing fibrin 
concentrations. The linear modulus increases with concentration, but all gels show a similar stiffening response of 
K′ ∝ σ0.75 (solid line), independent of fibrin concentration. 
 
To test the strain stiffening response of a composite hydrogel composed of two interpenetrating semi-
flexible polymer networks, we prepared a series of double-network hydrogels with a constant PIC 
concentration (1 mg mL-1) and varying fibrin concentrations (1 to 5 mg mL-1). As discussed previously, 
the linear modulus of the hydrogels equals the sum of moduli of the individual components (Figure 
7.4a). Interestingly, the PIC-fibrin double-network gels exhibit a stiffening response that lies in between 
the nonlinear response of the individual networks, and depends on the ratio of the two components 
(Figure 7.4b). A composite gel with 1 mg mL–1 of both components resembles the mechanical properties 
of the pure PIC hydrogel with approximately K′ ∝ σ3/2, but when the fibrin concentration is increased to 
5 mg mL–1 the stiffening response is similar to pure fibrin hydrogels with K′ ∝ σ0.75. So by varying the 
network composition, we can tailor the nonlinear mechanical response of the composite material. The 
intermediate stiffening response of the double-network gels indicates a regime where both networks 
contribute to the nonlinear mechanics of the composite material. Upon applying stress, both networks 
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are deformed independently and in the absence of any specific interactions between them, the networks 
are only restricted by their mutual interpenetrated structure. In line with predictions from simulations,20 
we find that the mechanics of semi-flexible composites are not simply a linear combination of the two 
components, but show a much richer nonlinear behaviour. An overview of all mechanical parameters 
(G0, σc and m) of the PIC-fibrin double-network hydrogels is given in Table 7.1. 
 
 
Figure 7.4. (a) Time trace of the storage modulus G′, showing the formation of PIC-fibrin hybrid hydrogels with 
a PIC concentration of 1 mg mL-1 and increasing fibrin concentrations. (b) Differential modulus K′ as a function 
of stress σ for PIC-fibrin hybrid hydrogels. As a reference, K′ of a single-component PIC hydrogel is also shown 
(purple triangles). The solid lines represent the stiffening responses of the individual semi-flexible networks with 
K′ ∝ σ3/2 for the PIC network and K′ ∝ σ0.75 for the fibrin network. 
 
7.2.3 Double-network hydrogels with conjugated PIC and fibrin networks 
Assuming that the PIC and fibrin networks indeed strain stiffen independently in the double-network 
hydrogels with interpenetrating networks, the gel mechanics are expected to change upon introducing 
specific binding interactions between the two semi-flexible networks. To study this, we used PICs 
functionalized with an azide group every 500 isocyanide monomers (0.2 % functionalization), which 
can be coupled to any functional group at its periphery via a strain promoted azide alkyne click (SPAAC) 
reaction.27, 28 Using this click reaction, PIC polymers were functionalized with AKQAGDV peptides, 
resulting in polymers with a peptide attached roughly every 50 nanometers (see experimental section 
7.4.3 for details on PIC functionalization). This AKQAGDV peptide is the C-terminal end of the γ chain 
of fibrinogen monomers and is involved in the crosslinking of fibrin networks by factor XIII through 
the formation of γ chain dimers.35, 36 The peptide-functionalized PIC hydrogels have a slightly higher 
linear modulus than the regular, unfunctionalized PIC hydrogels (Table 7.1, entry 1), which is probably 
due to a small difference in PIC chain length and a small change in polymer hydrophilicity because of 
the attached peptides. Conjugated double-network hydrogels at different PIC to fibrin ratios were 
prepared analogously to the interpenetrating network gels discussed previously. 
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Table 7.1. Mechanical properties of conjugated and unconjugated PIC-fibrin double-network hydrogels at 
different component ratios. 
Entry 
Gel composition 
Interpenetrating networks with 
unfunctionalized PIC 
Conjugated networks with 
peptide-functionalized PIC 
PIC 
(mg mL–1) 
fibrin 
(mg mL–1) 
G0 
(Pa) 
σc 
(Pa) 
m 
G0 
(Pa) 
σc 
(Pa) 
m 
1 1 0 20 2.9 1.5 46 4.7 1.5 
2 1 1 25 1.7 1.2 110 9.5 1.4 
3 1 2 52 3.4 1.0 130 11 1.3 
4 1 3 83 4.4 0.95 160 15 1.3 
5 1 4 140 6.7 0.89 210 20 1.4 
6 1 5 180 7.7 0.79 230 21 1.3 
 
The polymerization of fibrinogen monomers in the presence of the peptide-functionalized PICs is 
expected to result in a fibrin network which is specifically linked to the AKQAGDV peptides attached 
to the PIC network. Indeed, it is observed that the mechanical properties of the double-network 
hydrogels with peptide-decorated PICs are quite different from the gels with non-functionalized PICs, 
both in the linear and the nonlinear regime (Figure 7.5 and Table 7.1). In the linear regime at low stress, 
we observe a relatively large increase in stiffness upon adding only a small amount of fibrin (Table 7.1, 
entry 2). Remarkably, this increase in modulus is already observed in the PIC network, before the fibrin 
network has been formed (Figure 7.5a, at t = 0 s). We attribute the increased linear modulus to the 
binding of fibrinogen molecules to the AKQAGDV peptides attached to the PIC network. In this way, 
the fibrinogen molecules act as extra crosslinkers for the PIC network, which increases the crosslink 
density and thus, the stiffness of the PIC hydrogel. Similar to the PIC-fibrin gels with unfunctionalized 
PICs, G′ increases over time because of the slower formation of the fibrin network and the final stiffness 
of the double-network hydrogels again increases with fibrin concentration (Figure 7.5a). Compared to 
the hydrogels with interpenetrating PIC and fibrin networks, the gels with conjugated networks show a 
higher linear modulus at all fibrin concentrations investigated (Table 7.1), probably because of the 
additional crosslinks formed in the conjugated double-network hydrogels. 
The strain stiffening response of the double-network gels also changes upon introducing specific 
interactions between the two semi-flexible networks. In the nonlinear stiffening regime, the conjugated 
PIC-fibrin hydrogels show for all compositions an identical stiffening response with approximately K′ 
∝ σ3/2 (Figure 7.5b and Table 7.1). The conjugation prevents independent deformation of the networks 
and the high-stress mechanics are therefore dominated by the component with the strongest stiffening 
response, which is the PIC network. Even at high fibrin content, the composite hydrogels adhere to the 
nonlinear response of the PICs, with stiffening index m ≈ 1.5. 
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Figure 7.5. Mechanical properties of PIC-fibrin double-network hydrogels composed of two conjugated semi-
flexible networks. (a) Time trace of the storage modulus G′, showing the formation of the fibrin network 
conjugated to the peptide-functionalized PIC network at T = 37 °C. For the composite hydrogels, the starting 
modulus at t = 0 s is higher, probably due to binding of fibrinogen molecules to the AKQAGDV peptides attached 
to the PIC network. (b) Differential modulus K′ as a function of stress σ for PIC-fibrin hydrogels with conjugated 
networks, all showing a similar stiffening response of approximately K′ ∝ σ3/2, independent of the PIC to fibrin 
ratio. 
 
In short, the mechanics of hybrid hydrogels of two semi-flexible networks depend strongly on both the 
composition and the nature of the interactions between the two components. Without any specific 
interactions, the linear modulus of the double-network hydrogel is merely a linear combination of the 
two components and the nonlinear behaviour intermediate of the two pure networks. Upon deformation, 
both networks are deformed independently and they both contribute to the strain stiffening response of 
the double-network hydrogel. When specific binding interactions between the two semi-flexible 
networks are introduced, however, the linear modulus of the gel increases due to the formation of 
additional network crosslinks and the strain stiffening response is dominated by one of the components, 
since the two networks cannot be deformed independently anymore. Interestingly, for reversible 
conjugation, not studied in this chapter but highly relevant for natural biopolymer composites, also 
binding time scales will play a prominent role and could be used to tune the gel mechanics. 
 
7.2.4 The effect of network structure and mechanics on cell spreading 
The mechanical properties of the biopolymer networks that make up the ECM play a crucial role in all 
essential cellular processes, including cell spreading, migration and differentiation.2, 3, 11 Since the 
mechanical properties of the pure fibrin hydrogels and PIC-fibrin double-network gels described in this 
chapter can be precisely controlled, and because the presence of the fibrin fibers makes the hydrogels 
biocompatible, these gels are an excellent model system to test the influence of the semi-flexible network 
properties on cell behaviour. To systematically test the impact of network mechanics on cell spreading, 
three series of fibrin hydrogels were prepared. As the first series, we formed pure fibrin hydrogels with 
Chapter 7 
132 
 
a fibrin concentration ranging from 1 to 5 mg mL-1 by mixing fibrinogen solutions in PBS buffer with 
an equal volume cell culture medium (DMEM-Hepes with 10 % fetal bovine serum containing 
thrombin). The (nonlinear) mechanical properties of these pure fibrin hydrogels are shown in Figure 
7.3. The second series of fibrin hydrogels were prepared similarly to the first series, but an additional 
0.5 U mL-1 thrombin was added to increase the rate of fibrin network formation. The addition of extra 
thrombin has previously been shown to alter the architecture of fibrin networks, resulting in networks 
composed of smaller fibers.37 For the third series, we prepared PIC-fibrin interpenetrating double-
network hydrogels with a PIC concentration of 1 mg mL-1 and a fibrin concentration ranging from 1 to 
5 mg mL-1, with varying nonlinear mechanical properties as described in Figure 7.4. The PIC-fibrin 
double-network hydrogels with conjugated networks were not used for cell studies. 
To test how the macroscopic mechanical properties of the three series of fibrin hydrogels depend on the 
gel composition, we performed shear rheology measurements to measure the stiffness as a function of 
the applied stress, as described in the previous sections. Previous studies have related cellular behaviour 
to the linear mechanics of the substrate, by showing for example that cells spread more on stiffer 
substrates,4, 38 but also the nonlinear mechanics of the substrate have been shown to play a role.12 For 
example, differentiation of human mesenchymal stem cells can be controlled by varying the critical 
stress σc of the hydrogel substrate.28 Figure 7.6 shows both the linear modulus G0 and the critical stress 
σc as a function of fibrin concentration for the three series of fibrin hydrogels investigated. The addition 
of extra thrombin has very little effect on the bulk mechanics of the fibrin hydrogels. The gels with 
additional thrombin have a similar linear modulus as the regular fibrin hydrogels for all fibrin 
concentrations investigated here (Figure 7.6a) and also the nonlinear mechanics are hardly affected, with 
both series of gels showing a similar σc (Figure 7.6b). 
  
 
Figure 7.6. Bulk mechanical properties as a function of fibrin concentration for three series of fibrin hydrogels. 
(a) The plateau modulus G0 and (b) the critical stress σc for regular fibrin hydrogels (red squares), gels with extra 
thrombin added (blue triangles) and PIC-fibrin double-network hydrogels (orange dots). The additional thrombin 
has little effect on the bulk mechanics, whereas PIC increases both G0 and σc. 
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As discussed previously, the PIC-fibrin double-network hydrogels show a nonlinear stiffening response 
that lies in between the response of the individual components and depends on the fibrin to PIC ratio. 
The PIC network also contributes to the linear modulus of the double-network hydrogel, resulting in a 
higher G0 for the composite gels compared to the other two gel series, especially at low fibrin 
concentrations (Figure 7.6a). The addition of PIC also significantly increases σc (Figure 7.6b), because 
the individual PIC hydrogel has a critical stress of about 3 Pa (Table 7.1), which is higher than for the 
fibrin hydrogels due to the much smaller persistence length of the PIC fibers compared to fibrin fibers. 
This causes the double-network gels to be less sensitive to small stresses than pure fibrin hydrogels. 
In recent studies, it has been shown that not only bulk mechanical properties, but also the specific 
interaction of cells with individual fibers is crucial in tailoring the cellular response.39 Therefore, 
confocal microscopy was performed on fluorescently labeled fibrin networks to visualize how the 
network microstructure changes between the three hydrogel series (Figure 7.7a). These microscopy 
images show that the fibrin network structure is significantly altered by the presence of the PIC network, 
resulting in a more heterogeneous fibrin network of slightly thicker fibers. In contrast, the pure fibrin 
and fibrin + thrombin networks look more similar, although the additional thrombin seems to slightly 
decrease the density of the fibrin network. 
The structural differences in the fibrin networks were further analyzed by turbidimetry.40, 41 This 
technique provides quantitative information on the diameter and molecular packing density of individual 
fibrin fibers by measuring the scattered light intensity as a function of wavelength.30 For a suspension 
of randomly oriented, long and thin cylindrical fibers, the turbidity is a function of the fiber radius R, 
the mass/length ratio of the fibers µ and the fibrin concentration c (details in Experimental Section 7.4.4). 
The fiber diameter is known to be dependent on the fibrin concentration,26 but several trends among the 
three series of hydrogels can be observed (Figure 7.7b). The fibers in pure fibrin hydrogels with c = 1 
to 5 mg mL-1 have an average diameter that systematically decreases with fibrin concentration from 240 
to 210 nm, consistent with prior work.34 The presence of the PIC network results in an increase in the 
fibrin fiber diameter: the average diameter ranges form 230 to 270 nm and is larger than for the pure 
fibrin hydrogels at each fibrin concentration examined. The addition of extra thrombin to the fibrinogen 
solution has little effect on samples of low fibrin concentration (1 and 2 mg mL-1), but leads to thinner 
bundles than in pure fibrin hydrogels at higher fibrin concentrations (3 to 5 mg mL-1). With the additional 
thrombin, the diameter systematically decreases from 250 to 180 nm with increasing fibrin 
concentration. Based on the measured mass/length ratio of the fiber µ, the number of protofibrils per 
fibrin fiber N can be extracted from the turbidity measurements (Figure 7.7c). For pure fibrin networks, 
N increases with fibrin concentration, from 90 protofibrils per fiber at 1 mg mL-1 fibrin to 110 at 5 mg 
mL-1 fibrin. The addition of extra thrombin again does not affect samples of low concentrations, but 
results in a higher N for the hydrogels with high fibrin concentration. The maximum number of 
protofibrils per fiber is now 150 at a fibrin concentration of 5 mg mL-1. At the lower fibrin 
concentrations, thrombin can be assumed not to be the limiting factor in the gelation process and thus 
the addition of extra thrombin has no effect on the resulting network structure. Surprisingly, the 
formation of double-network hydrogels with PIC causes a small reduction of N over the entire fibrin 
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concentration range, with N now ranging from 70 to 100. Apparently, the molecular packing density of 
the fibrin fibers is reduced in the presence of PIC. The bundles of the PIC network are not observed in 
both the confocal and turbidity measurements, due to the very small diameter of several nanometers for 
the PIC bundles.24 
 
 
Figure 7.7. Tuning the fibrin network microstructure by adding extra thrombin or PIC during hydrogel preparation. 
(a) Confocal images show that the presence of the PICs leads to slightly thicker fibrin bundles. (b) Turbidity 
measurements quantified the fiber diameter. (c) The number of protofibrils per fiber was obtained from turbidity 
measurements, showing that the addition of thrombin results in the highest number of protofibrils per fiber and the 
addition of PIC in the lowest. (d) The protein mass density within the fibrin fibers was calculated from the fiber 
diameter and protofibrils/fiber. Adding PIC decreases the fiber density and the addition of extra thrombin results 
in the densest fibers. (e) Schematic representations of the fibrin fiber cross-section, showing a model of how the 
differences in fiber density between the three fibrin gel series may arise. 
 
a 
e 
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From the combined information on the fiber diameter and the number of protofibrils per fiber, we can 
calculate the protein mass density within the fibrin fibers under the assumption that the fibers have a 
cylindrical shape (Figure 7.7d).41 Since the fibrin fiber diameter is largest in the PIC-fibrin double-
networks while the number of protofibrils per fiber is smallest, the fibrin fibers in these gels have a much 
smaller protein density (30 - 60 mg mL-1) than in the case of pure fibrin and fibrin + thrombin networks. 
For the pure fibrin networks, the density increases from 40 to 80 mg mL-1 with increasing fibrin 
concentration, while for the fibrin/thrombin networks the fiber density increases more strongly with 
concentration, from 40 to 140 mg mL-1. 
The turbidity results suggest that the presence of the PIC network, which is formed prior to fibrin 
gelation, leads to fibrin fibers which have some intercalating PIC fibers, thereby changing the 
microstructure of the fibrin network. A model that can potentially account for these findings is the recent 
fiber packing structure proposed by Yang42 and adapted by Yeromonahos43, which is depicted in Figure 
7.7e for the three types of fibrin hydrogels studied here. According to this model, the protofibrils within 
the fiber are packed in a crystalline lattice, but gaps where protofibrils are missing introduce disorder. 
Experimental support for this model comes from small angle X-ray scattering measurements, which 
revealed a fractal-like disordered scattering pattern combined with broad peaks indicating partial order.43 
Given the marked difference in packing density of the fibers formed under different assembly 
conditions, we expect that the fibers formed in the presence of PIC are more loosely packed and hence 
are slightly more flexible than in pure fibrin hydrogels.26 This difference in packing density of the fibrin 
fibers, however does not significantly affect the bulk mechanics of the PIC-fibrin interpenetrating 
double-network hydrogels, which show a linear modulus that is approximately a linear combination of 
the two individual networks. On the other hand, the addition of extra thrombin increases the packing 
density of the fibrin fibers (Figure 7.7e). This is somewhat surprising since the pure fibrin hydrogels 
with and without additional thrombin added show almost identical macroscopic mechanical properties 
(Figure 7.6). Theoretical models for semi-flexible polymer networks predict that stiffer and more 
densely packed fibers should lead to stiffer hydrogels with a higher G0.33, 44 The fact that no increase in 
G0 was observed for the gels with extra thrombin can only be explained by a transition from a tight to a 
more loosely packed fiber regime.34, 45 The addition of thrombin increases the density of the fibrin fibers, 
but apparently decreases the “coherence” between the protofibrils within the fiber, in analogy to what 
happens in growing actin bundles.46 
The three different series of fibrin hydrogels thus enable us to vary both the bulk mechanical properties 
and the single fiber architecture of the resulting fibrin networks. Since substrate properties are believed 
to dictate cell behaviour,47 human mesenchymal stem cell (hMSC) spreading on the different series of 
hydrogels was studied in two dimensional environments. We confine our studies to planar substrates, 
because cell spreading as a function of the mechanical properties of the substrate has been extensively 
studied in 2D. For these cell morphology studies, hMSCs were seeded onto the gels at low cell densities 
to study cell-matrix interactions and prevent cell-cell signaling. After 24 hours of incubation, the cells 
were fixed, actin and nuclear stainings were performed, and the average cell areas were quantified from 
confocal microscopy images (Figure 7.8). 
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Figure 7.8. hMSC spreading is affected by the properties of the fibrin network. Fibrin hydrogels that were formed 
with extra thrombin stimulate the cells to spread more in comparison to pure fibrin. In contrast, the addition of PIC 
to fibrin substrates reduces hMSC spreading. (a) Confocal images of hMSCs after 24 hours culture on hydrogels 
with a fibrin concentration of 2 mg mL-1, showing F-actin (phalloidin staining; red) and nucleus (DAPI staining; 
cyan). (b) Quantification of cell spreading 24 hours after seeding on the fibrin, fibrin + thrombin and fibrin-PIC 
gels. Mean ± s.d. * P < 0.05 
 
Cells on pure fibrin hydrogels were observed to have an average area of circa 4 × 103 µm2, whilst cells 
on substrates with extra thrombin added were observed to spread about 50 % more, resulting in average 
cell areas of about 6 × 103 µm2. In contrast, the spread area of cells on the PIC-fibrin composite hydrogels 
was significantly reduced. More cells remained round whilst the spread cells had a smaller area, resulting 
in an average cell area of about half of the cells on pure fibrin (circa 2 × 103 µm2). One possible 
explanation is that cell spreading on PIC-fibrin double-networks may be restricted because of a limited 
number of accessible adhesion sites. However, since the hMSCs do spread on the double-network 
hydrogels with the lowest fibrin concentration (1 mg mL-1), it is unlikely that the number of available 
adhesion sites is limiting the spreading in all PIC-fibrin samples (with fibrin concentrations up to 5 mg 
mL-1). It is observed that the hMSC surface area is only weakly dependent on the fibrin concentration 
within the same fibrin gel series. The differences in cell area between the different series of fibrin 
networks are much more pronounced. 
Since both bulk and local substrate properties can direct cell behaviour, it is interesting to disentangle 
at what scale matrix mechanics is dominating the cell spreading in our system. As described above, 
turbidity measurements revealed that the fibrin fiber architecture is affected both by the presence of PIC 
a 
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and by the addition of extra thrombin to fibrin hydrogels. Macroscopic rheology measurements showed 
that the presence of the PIC network does affect the bulk mechanics, whilst the addition of extra 
thrombin had little effect on both G0 and σc of the fibrin hydrogels. Because the addition of thrombin 
does affect cell spreading, the macroscopic mechanical properties of the hydrogels alone cannot explain 
the differences in cell area. The observed trend in the turbidity measurements, however does correspond 
to the cell spreading results. On the networks with the largest fibrin fiber diameter, the lowest fiber 
density, and thus more flexible fibers (the PIC-fibrin composite hydrogels) the cells have the smallest 
average area. The opposite is also true; on the networks with the smallest fibrin fiber diameter, the 
highest fiber density and thus the most densely packed bundles (the fibrin hydrogels with extra 
thrombin) the average cell area is largest. This strongly suggests that in our system, cell spreading is 
influenced by individual fiber architecture and mechanics, rather than by the macroscopic mechanical 
properties of the hydrogels. It should be noted that the cells were cultured in a 2D environment, in which 
cell behaviour is not necessarily identical to a 3D environment.48 
 
7.3 Conclusions 
The persistence length of the fibers and the network pore size are the key length scales that control the 
linear and nonlinear mechanical properties of hydrogels. In hydrogels of semi-flexible filaments these 
length scales are of a similar magnitude, which gives rise to a rich mechanical behaviour that nature 
uses on many occasions. In biological materials, a high persistence length is often realised through the 
bundling of individual filaments. The controlled formation of high persistence length bundles of 
synthetic polymers, however has proven very difficult to achieve. The new approach presented is this 
chapter, controls the (non)linear mechanical response of strain stiffening hydrogels by combining semi-
flexible polymer networks with varying persistence lengths and pore sizes into hybrid polymer 
networks. The PICs form bundles with a persistence length of hundreds of nanometers, composed of 
only a few tightly packed polymer chains per bundle, resulting in networks with a relatively small pore 
size, and hydrogels with a relatively high linear modulus and critical stress.21, 24 Fibrin networks on the 
other hand, show a much larger pore size and are composed of much bigger bundles, in which the fibrils 
are more loosely packed, with a persistence length of tens of microns.26, 34 These structural differences 
make fibrin gels more flexible, with a lower G0 and σc compared to the PIC hydrogels, and also result 
in a different stiffening response to stress for both materials. The combination of the two networks 
introduces new possibilities to tailor the nonlinear mechanics of the gels, by varying the ratio between 
the two components and also the nature of the interactions between them. 
Nature uses a similar approach of combining fibers with varying persistence lengths into biological 
composite networks. In the cytoskeleton for example, semi-flexible actin and intermediate filaments 
will all contribute to the strain stiffening response of the network, whereas stiff microtubules will further 
enhance the sensitivity to an applied stress. In the extracellular matrix, the nonlinear mechanical 
response will be determined by combinations of semi-flexible fibrin and collagen networks. But how 
exactly these combinations affect the mechanical properties of the resulting composite materials has 
barely been looked into, especially in terms of the nonlinear strain stiffening properties.19, 49 
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Even though cells are able to stretch their matrix well into the nonlinear regime,50 the vast majority of 
regenerative medicine studies merely considers the simple linear modulus of the hydrogel matrix.4 The 
results presented in this chapter indicate that the nonlinear mechanics of composite polymer networks 
are different from their single-component mimics, and we present an approach to systematically vary 
the nonlinear mechanics of semi-flexible composites, which can help to better understand the effect of 
strain stiffening on cellular behaviour. Furthermore, the cell studies on single-component fibrin 
hydrogels and PIC-fibrin double-network gels discussed in this chapter show that the mechanical 
properties of individual fibers within these hydrogels likely play an essential role. This indicates that 
both the macroscopic mechanics of the matrix and the microscopic properties of the individual fibers 
should be taken into account when optimizing the cellular response. Ultimately, the combination of 
fibrous networks with different mechanical properties into hybrid hydrogels will help the design of a 
next generation of responsive soft materials, which could for example be used as an artificial 
extracellular matrix for tissue engineering applications. 
 
7.4 Experimental Section 
 
7.4.1 Sample preparation 
Fibrinogen (from bovine plasma) was purchased from Sigma Aldrich. Unfunctionalized22, 51  and azide-
functionalized27, 28 PICs were synthesized following earlier reported procedures. The degree of azide 
functionalisation for the peptide conjugation was 0.2%. To form a PIC-fibrin double-network hydrogel, 
PIC was dissolved in a concentration of 2 mg mL-1 in DMEM-Hepes cell culture medium (Gibco) with 
10 % fetal bovine serum (Gibco) and pen/strep added, by stirring in a cold room at 4 °C for at least 24 
hours. Fibrinogen was dissolved in PBS buffer in double the desired concentration and the PIC and 
fibrinogen solutions were mixed in a 1:1 ratio on ice. After transferring the mixture to the rheometer 
and immediate heating to 37 °C, the sample was incubated for 1 hour. For the peptide-conjugated 
double-network hydrogels, the same procedure was used, only with the peptide-functionalized PIC (see 
Experimental Section 7.4.3). 
Single-network fibrin hydrogels were prepared by mixing fibrinogen solutions in PBS with equal 
volumes of DMEM-Hepes with 10 % fetal bovine serum and pen/strep added to obtain fibrinogen 
solutions with concentrations of 1, 2, 3, 4 and 5 mg mL-1. Hydrogels were obtained after 1 hour 
incubation at 37 °C. In the fibrin gel series with extra thrombin, thrombin (bovine, Sigma Aldrich) was 
added directly before incubation at 37 °C at a final concentration of 0.5 U mL-1. Single-network PIC 
hydrogels were prepared by mixing a 2 mg mL-1 PIC solution in DMEM-Hepes with 10 % fetal bovine 
serum and pen/strep with an equal volume of PBS buffer on ice. After transferring the mixture to the 
rheometer and immediate heating to 37 °C, the PIC hydrogel was incubated for 1 hour. 
 
7.4.2 Rheology 
Rheological measurements were performed on a stress-controlled rheometer (Discovery HR-1 or HR-
2, TA Instruments) using an aluminium or steel parallel plate geometry with a plate diameter of 40 mm 
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and a gap of 500 µm. The samples were loaded into the rheometer in the liquid state at T = 5 °C and 
subsequently heated to T = 37 °C. To follow the formation of the fibrin network, the complex modulus 
G* was measured by applying an oscillatory deformation with an amplitude γ = 0.01 and a frequency ω 
= 1.0 Hz for 1 hour, after which the storage modulus G′ was constant. Drying of the samples was 
prevented by maintaining a humid atmosphere. The nonlinear regime was studied at T = 37 °C for all 
samples, using a pre-stress protocol31 where the gel was subjected to a constant pre-stress σ0 = 0.1 - 800 
Pa with a small oscillatory stress δσ superposed at a frequency of ω = 10 - 0.1 Hz, to determine the 
differential modulus K′. The magnitude of the oscillatory stress was at least ten times smaller than the 
applied pre-stress and K′ was independent of frequency. 
 
7.4.3 Synthesis of AKQAGDV-functionalized polyisocyanides 
 
 
Scheme 7.1. Synthesis of AKQAGDV peptide-functionalized polyisocyanides. i) N-succinimidyl-4-
maleimidobutyrate, K2CO3, DMSO, 1 h. ii) CAKQAGDV peptide in phosphate buffer, acetonitrile, 24 h, 5 °C. iii) 
PIC(N3)0.2%, acetonitrile, 24 h, 5 °C. 
 
The BCN-amine compound 1 (Synaffix, 57 mg, 0.17 mmol) and N-succinimidyl-4-maleimidobutyrate 
(45 mg, 0.16 mmol) were dissolved in DMSO (1 mL). K2CO3 (22 mg, 0.16 mmol) was added and the 
mixture was stirred for one hour at room temperature. The formation of BCN-maleimide compound 2 
was confirmed by mass spectrometry. MS cal.: 489.6, obtained: 490.2. 
The CAKQAGDV peptide (JPT Peptide Technologies, 25 mg, 31.6 µmol) was dissolved in phosphate 
buffer (pH 7.2, 1 mL). This peptide solution (63.3 µL, 2.0 µmol), the BCN-maleimide reaction mixture 
(12.2 µL, 2.0 µmol) and acetonitrile (121 µL) were mixed and stirred for 24 h at 5 °C. The formation of 
the BCN-peptide compound 3 was checked by TLC and mass spectrometry and the compound was used 
without further workup. MS cal.: 1280.5, obtained: 1280.4. 
Azide-functionalized PIC (0.18% azide functionalization, determined by a dye test28) was dissolved in 
acetonitrile (2.5 mg mL-1) and 2.0 equivalents of the BCN-functionalized AKQAGDV peptide were 
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added. The mixture was stirred for 24 h at T = 5 °C. The polymers were precipitated in diisopropyl ether, 
filtered and air-dried to obtain the AKQAGDV peptide-functionalized PIC in a yield of 87%. 
 
7.4.4 Turbidimetry 
The protocol for the turbidity measurements was adapted from previous work.30 For a suspension of 
cylindrical fibers, the turbidity t is: tλ5 = Aµ(λ2 – BR2), with t = D ln(10), A = (88/15)cπ3ns(dn/dc)2 (1/NA) 
and B = (184/231)π2ns2. Here, D is the optical density, ns is the refractive index of the solvent, dn/dc is 
the specific refractive index increment (dn/dc = 0.17594 cm3 g-1 for fibrin43), NA is Avogadro’s number, 
µ is the mass/length ratio of the fiber, R is the fiber radius and c is the fibrin concentration. From plotting 
tλ5 versus λ2 and fitting a linear function, the average fiber diameter d = 2R can be obtained. The number 
of protofibrils per fiber N is calculated from µ through N = µ/µ0, where µ0 = 1.44 x 1011 Da cm-1 is the 
mass/length ratio of the protofibril.52 The fiber density in mg mL-1 is calculated as µ(πR2)-1 with the 
assumption that the fibers have a cylindrical shape.41 For the turbidity measurements, pre-gel solutions 
were transferred into cuvettes (1 cm path length) and incubated at T = 37 °C for a minumum of 1.5 
hours. For turbidimetry analysis, the samples were placed in a Lambda 35 spectrophotometer (Perkin 
Elmer), with the temperature set at 37 °C. Turbidity data in the wavelength range of 500 to 800 nm was 
analyzed using custom-written MATLAB scripts.30 For the PIC-fibrin composite samples, the 
measurement of a 1 mg mL-1 PIC hydrogel (which has a much lower optical density than the fibrin gels) 
was subtracted as background so that the PIC does not contribute to the scattering data. 
 
7.4.5 Cell culture and staining 
Bone marrow-derived human mesenchymal stem cells (Lonza) were cultured to passage 6 and seeded 
onto the gels at 1,250 cells cm-2 for morphological studies, in a 1:1 mixture of osteogenic and adipogenic 
induction medium (DMEM + 10 % fetal bovine serum and pen/strep, containing 5 x 10-7 M 
dexamethasone, 5 mM β-glycerolphosphate, 0.1 mM ascorbic acid-2-phosphate, 250 µM 3-isobutyl-1-
methylxanthine, 5 mg mL-1 insulin (from bovine pancreas) and 5 x 10-8 M rosiglitazone maleate). After 
24 hours in culture, cells were fixed and stained with DAPI to detect nuclei and TRITC-phalloidin 
(Millipore) to stain actin filaments for morphology studies. Significance of differences in cell area were 
tested using one-way analysis of variance (ANOVA) with Bonferroni post hoc correction. To visualize 
the fibrin fibers, the fibrin network was labelled with fluorescein isothiocyanate (FITC, Sigma Aldrich). 
 
7.4.6 Confocal microscopy 
Confocal laser scanning microscopy was performed on a SP2 AOBS from Leica-microsystems, using 
excitation lines 405 nm, 488 nm and 561 nm. All images shown are single optical sections. Contrast and 
brightness of the images were enhanced in order to ease visualization of the network structure and cell 
morphology. 
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Reinforcing strain stiffening hydrogels with flexible 
polymers 
 
Abstract 
The combination of two polymer networks into hybrid gels has been shown to greatly enhance the 
mechanical strength of hydrogels. These double-network hydrogels generally consist of two 
interpenetrating networks of crosslinked flexible polymer chains. This results in hydrogels with a very 
high stiffness, but due to the flexible nature of the polymer chains these gels only show linear elasticity 
and their mechanical properties are not responsive to stress. Here we form double-network hydrogels 
with responsive mechanical properties by combining a network of semi-flexible polyisocyanides (PICs) 
with a second network of synthetic flexible polymer chains. By adding a polyacrylamide network, the 
linear stiffness of the semi-flexible PIC hydrogel can be greatly enhanced, while maintaining the strain 
stiffening response of the semi-flexible polymer network. Furthermore we show that by combining 
semi-flexible polymers with a network of responsive poly(N-isopropylacrylamide) chains, we can 
transfer the thermal response of the flexible network to the semi-flexible network, resulting in a strain 
stiffening response of the PIC network triggered by internally generated stresses. Such a double-network 
hydrogel composed of two responsive polymer networks closely resembles natural biopolymer 
networks, which also stiffen in response to internal stresses generated by myosin motors for example. 
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8.1 Introduction 
Fibrous networks of biopolymers are found in both the intracellular and extracellular matrix, where these 
networks determine the mechanical strength of cells and tissues.1 From the microscopic scale of a single 
cell to the macroscopic scale of fibrous tissues, biopolymers with different stiffnesses control cellular 
processes such as cell differentiation, proliferation, transportation and communication.2-5 In recent years, 
a very large number of different hydrogels has been developed, often with the goal to create an artificial 
extracellular matrix for biomedical applications.6, 7 However, the mechanical environment inside and 
outside the cell is not determined by a single component.8 Multiple biopolymers with different structural 
and mechanical properties, which physically and chemically interact with each other, make the 
mechanical environment of a cell in vivo much more complicated than the environment of a cell in a 
single-component artificial matrix. 
For hydrogels based on networks of synthetic flexible polymers it has been shown that the presence of 
a second component can dramatically change the mechanical properties of the resulting material.9, 10 
These so-called double-network hydrogels show extremely high mechanical strength or toughness 
compared to their single-component equivalents.11 The stiffness of such double-network gels can be 
much higher than simply the sum of two hydrogels composed of the individual components. In another 
approach, composites of macromolecules and clay or metal-oxide nanosheets were used to form 
hydrogels with great mechanical strength12, 13 and even completely self-healing properties14 or 
anisotropic mechanics.15 Such outstanding mechanical properties are much more difficult to achieve in 
single-component hydrogels. 
As discussed extensively in the previous chapters, however, the mechanics of most synthetic hydrogels 
are very different from gels composed of natural biopolymers, which show strain stiffening behaviour.16 
Reconstituted networks of cytoskeletal polymers such as actin or intermediate filaments or extracellular 
biopolymers such as collagen or fibrin show a large increase in stiffness upon an applied stress or 
deformation.17-20 The stiffening response prevents these networks from breaking under external stresses 
and also enables communication between cells growing in these materials.21, 22 These nonlinear 
mechanical properties have been extensively studied in single-component biopolymer networks, but 
little is known about how the stiffening response is affected by the composite nature of natural 
biopolymer networks such as the cytoskeleton or the extracellular matrix.23-25 One of the reasons is that 
such composite biological materials are experimentally difficult to study. 
In this chapter, we combine a semi-flexible polymer network with a network of flexible polymer chains 
with the goal of forming a strain stiffening double-network hydrogel with both high mechanical strength 
and responsive mechanical properties. As the semi-flexible component, we use a synthetic hydrogel 
based on helical polyisocyanides (PICs), which uniquely mimics the strain stiffening response of 
biopolymer gels.26-28 As the second component, we use chemically crosslinked networks of either 
polyacrylamide (PAAM) or poly(N-isopropylacrylamide) (PNIPAM), which are both flexible polymers 
with a persistence length lp in the sub-nanometer range. We show that PAAM can be used to enhance 
the mechanical stiffness of the PIC hydrogels, but simultaneously decreases the strain stiffening 
response of the resulting double-network hydrogels. The mechanics of the composite hydrogels can be 
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controlled by varying the ratio of the two components and by tuning the interactions between the two 
polymer networks. For the double-network hydrogels of PIC and PNIPAM, two thermal transitions are 
observed because of the lower critical solution temperatures (LCSTs) of both polymers.29 We show that 
we can use the LCST of the flexible PNIPAM component to stiffen the composite hydrogel 10 to 100 
times within only a few degrees. 
 
8.2 Results and Discussion 
 
8.2.1 PIC-PAAM double-network hydrogels 
In contrast to PIC hydrogels, which are formed through bundling and physical entanglement of the 
polymers,30 polyacrylamide hydrogels are formed through chemical crosslinking of single polymer 
chains. The crosslinked PAAM networks are therefore composed of very flexible single polymer 
strands. Because of this flexibility, relatively high polymer concentrations are required to form 
hydrogels with good mechanical integrity, which results in very dense polymer networks with a small 
mesh size. Combining this PAAM network with PICs results in interlocked flexible and semi-flexible 
polymer networks, where the PAAM network has a much higher polymer density and a smaller mesh 
size than the PIC network, as shown schematically in Figure 8.1. This double-network hydrogel more 
closely mimics the structure of the natural extracellular matrix, where semi-flexible collagen and fibrin 
fibers coexist with more flexible elastin fibers.31 
 
 
Figure 8.1. Schematic overview of the structure of PIC-PAAM double-network hydrogels. The flexible 
polyacrylamide network (shown in green) is formed in the presence of the pre-formed semi-flexible PIC network 
(shown in red), resulting in two interpenetrating polymer networks. The PAAM forms a much denser network with 
a smaller mesh size than the PIC network, due to the higher polymer concentration. 
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As a chemical crosslinker for the PAAM network, N,N′-methylenebisacrylamide (MBAA) is used. To 
form a PAAM hydrogel, a solution of acrylamide (AAM) monomers is mixed with a solution of MBAA. 
Addition of potassium persulfate as a thermal initiator for the free radical polymerization and heating 
this mixture to T = 50 °C initiates the formation of the PAAM network. The gelation of the acrylamide 
solution can be followed by measuring the storage modulus G′ as a function of time (Figure 8.2). The 
minimum concentration required to form a hydrogel is much higher than for the PIC hydrogels. Above 
the threshold concentration, the final stiffness of the hydrogels increases with acrylamide concentration, 
(Figure 8.2a). Alternatively, the stiffness of the hydrogels can be controlled by varying the crosslink 
density at a constant acrylamide concentration (Figure 8.2b). Experimentally, we observe that G′ 
increases with crosslink density at low crosslinker concentrations, but remains constant at higher 
crosslink densities, in agreement with previous observations.32 After two hours at T = 50 °C, the modulus 
remains constant for all samples, indicating that the acrylamide polymerization is completed. 
 
 
Figure 8.2. Storage modulus G′ as a function of time for single-network PAAM hydrogels with (a) increasing 
acrylamide concentrations ranging from 14 to 71 mg mL-1 (0.2 to 1.0 M) and 1.0 mol% of crosslinker (b) increasing 
crosslinker concentrations ranging from 0.25 to 5.0 mol% and an acrylamide concentration of 36 mg mL-1 (0.5 M) 
at T = 50 °C. The gel stiffness increases both with acrylamide concentration and crosslink density. For the sample 
with 14 mg mL-1 acrylamide, no gelation is observed. 
 
To form a composite hydrogel of PIC and PAAM, a cold solution of PIC was mixed with a cold solution 
of acrylamide, crosslinker and thermal initiator. Heating this mixture to T = 50 °C leads to the formation 
of the PIC network and initiates the acrylamide radical polymerization. In this way, the PAAM network 
is formed within the pre-formed PIC network, resulting in a hydrogel with two interpenetrating polymer 
networks similar to the PIC-fibrin hydrogels discussed in the previous chapter. Figure 8.3a shows the 
formation of PIC-PAAM hydrogels with increasing acrylamide concentrations, ranging from 21 to 57 
mg mL-1 (0.3 to 0.8 M). For all gels the AAM to MBAA ratio was fixed at 0.5 mol% and for all samples 
we observe an increase in G′ with time, which corresponds to the formation of the second polymer 
network. At t = 0, the material has already formed a hydrogel due to the gelation of PIC upon heating to 
T = 50 °C. For the samples with high AAM concentrations, the stiffness of the PIC is network is slightly 
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lowered by the relatively large amount of acrylamide added. The formation of the interpenetrating 
PAAM network results for most samples in a sharp increase in G′ after about 15 to 30 minutes. At the 
lowest AAM concentration investigated, the formation of the PAAM network only leads to a very small 
increase in G′ over time, whereas the modulus increases by more than an order of magnitude for the 
highest AAM concentrations. 
 
 
Figure 8.3. Mechanical properties of PIC-PAAM double-network hydrogels. (a) Storage modulus G′ as a function 
of time for PIC-PAAM hybrid hydrogels at T = 50 °C, showing the formation of the PAAM network within the 
pre-formed PIC network. (b) The differential modulus K′ of the PIC-PAAM double-network hydrogels increases 
with AAM concentration in the linear regime at low stress, but decreases with AAM concentration in the high 
stress nonlinear regime. The solid line represents the theoretically predicted K′ ∝ σ3/2 response at high stress. (c) 
Storage modulus G′ as a function of time for PIC-PAAM hybrid hydrogels at T = 50 °C with 36 mg mL-1 (0.5 M) 
acrylamide and increasing concentrations of crosslinker MBAA. (d) Differential modulus K′ as a function of stress 
σ for PIC-PAAM double-network hydrogels with 36 mg mL-1 (0.5 M) acrylamide and increasing concentrations 
of crosslinker. 
 
To test whether this double-network hydrogel with flexible polymers shows a strain stiffening response, 
we measure the differential modulus K′ = δσ/δγ, where σ and γ are the stress and strain respectively, 
using a pre-stress protocol. We find that all PIC-PAAM hydrogels show a nonlinear stiffening response, 
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even at the highest acrylamide concentrations investigated where the PAAM concentration exceeds the 
PIC concentration by 50 times (Figure 8.3b). At low AAM concentrations, the hybrid hydrogels show 
an identical stiffening response as the single-network PIC hydrogels, with the stiffness increasing with 
stress as approximately K′ ∝ σ3/2. At higher acrylamide concentrations, however, the double-network 
gels show a weaker stiffening response with a lower K′ in the high-stress regime. For these hydrogels 
with a higher linear modulus, more stress is needed to deform the PAAM network, which does not 
contribute to the strain stiffening response of the double-network hydrogels. So increasing the 
acrylamide concentration increases the hydrogel stiffness in the low-stress linear regime, but decreases 
the stiffness of the gels in the nonlinear regime at high stress. 
A different approach to tune the mechanics of the double-network hydrogels is to change the crosslink 
density of the PAAM network by varying the amount of MBAA. We prepared hybrid hydrogels with 
different crosslink densities by keeping the PIC and AAM concentrations constant at 1 mg mL-1 and 36 
mg mL-1 respectively, and increasing the amount of MBAA from 0.25 to 5.0 mol% (Figure 8.3c). Again 
we can follow the formation of the PAAM network by measuring G′ as a function of time, which shows 
a higher stiffness for hydrogels with increasing concentrations of crosslinker. At higher MBAA 
concentrations, however, the modulus remains constant upon further increasing the concentration of 
crosslinker, as was also observed in PAAM hydrogels without PIC added. In the high-stress regime the 
opposite trend is observed again (Figure 8.3d), similar to the hydrogels with increasing acrylamide 
concentrations. The gels with high crosslinker concentrations all stiffen up at much larger stresses, 
resulting in a lower K′ for these gels in the high-stress regime. At 3 mol% MBAA or higher, the stiffening 
response of the gels does not change anymore upon further increasing the crosslink density.  
From these results it is clear that adding a flexible polymer network with a higher linear stiffness 
decreases the strain stiffening response of the semi-flexible PIC network. The hydrogels with higher 
acrylamide or crosslinker concentrations all stiffen up at a much larger critical stress σc, making these 
double-network hydrogels less sensitive to applied stress. Figure 8.4a shows how the critical stress 
increases with acrylamide concentration for the double-network hydrogels with 1 mg mL-1 PIC. Both σc 
and the plateau modulus G0 increase exponentially with AAM concentration, but σc shows a stronger 
increase which results in the lower K′ observed in the high-stress regime for the double-network gels 
with high AAM concentrations (Figure 8.3b). Because the ratio between σc and G0 changes with 
acrylamide concentration, the critical strain γc = σc / G0 increases for double-network hydrogels with 
higher AAM concentrations (Figure 8.4b). This change in γc is somewhat surprising, because this 
indicates that the PIC network requires a larger deformation before the polymer bundles are being 
stretched so that they start to stiffen. A possible explanation could be that the formation of the PAAM 
network bends the PIC bundles, so that a larger network deformation is required to stretch the PIC 
bundles to the point that they stiffen up. 
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Figure 8.4. Mechanical properties of PIC-PAAM double-network hydrogels. (a) The critical stress shows a larger 
increase with acrylamide concentration than the plateau modulus. (b) The critical strain of the double-network 
hydrogels therefore increases with acrylamide concentrations. 
 
Similar to the PIC-fibrin hydrogels described in the previous chapter, the order of network formation 
can be reversed by cooling and reheating a double-network hydrogel sample (Figure 8.5). At T = 5 °C 
the PIC network dissolves, and only the chemically crosslinked PAAM network remains intact. Upon 
reheating the sample the PIC network is formed again, but in contrast to the PIC-fibrin hybrid gels, the 
modulus of the PIC-PAAM hydrogel is not fully restored to its original value. This is probably caused 
by the fine mesh of the PAAM network, which disturbs the reformation of the PIC network. 
 
 
Figure 8.5. Storage modulus G′ of a PIC-PAAM hybrid hydrogel, with an AAM concentration of 43 mg mL-1 (0.6 
M) and a PIC concentration of 1 mg mL-1, at different temperatures. The double-network hydrogel is formed at T 
= 50 °C by polymerization of the AAM within the preformed PIC network. Cooling to T = 5 °C results in solvation 
of the PICs but leaves the PAAM network intact. Upon reheating the sample to T = 50 °C, the PIC network is 
formed within the PAAM network. 
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8.2.2 Conjugated PIC and PAAM networks 
Similar to the PIC-fibrin hybrid hydrogels, specific interactions were also introduced between the PIC 
and PAAM networks by covalently linking the two polymer networks. We used azide-functionalized 
PICs with one azide group every 50 isocyanide monomers, which were functionalized via a strain 
promoted azide alkyne click (SPAAC) reaction.33, 34 The azide-functionalized PICs were reacted with 
dibenzocyclooctyne (DBCO)-functionalized acrylamide (see Experimental Section 8.4.3), which results 
in PIC polymers decorated with acrylamide moieties (PIC-AAM). Radical polymerization of acrylamide 
monomers and crosslinkers in the presence of a network of these functionalized PICs leads to a PAAM 
network with the acrylamide moieties attached to the PICs incorporated, resulting in double-network 
hydrogels with covalent interactions between the two networks. The conversion of the AAM groups 
attached to the PICs, and thus the density of these covalent interactions is unknown. 
The covalent interactions make the hydrogels with the functionalized PIC-AAM stiffer compared to the 
PIC-PAAM hydrogels with unfunctionalized PICs (Figure 8.6). To make sure that the increased stiffness 
is indeed caused by specific interactions between the two networks, we also measured the mechanics of 
a PIC-PAAM hydrogel with azide functionalized PICs, but without covalently attaching DBCO-
acrylamide moieties to the polymers (Figure 8.6, red symbols). It is found that these hydrogels show 
exactly the same mechanical properties as PIC-PAAM hydrogels with unfunctionalized PICs without 
azide groups (Figure 8.6, solid blue symbols), both in the linear and nonlinear mechanical regimes. PIC-
PAAM hydrogels with the same azide-functionalized PICs with DBCO-AAM added, however are 
significantly stiffer (Figure 8.6, open blue symbols). These results show that the observed increase in 
hydrogel stiffness for the acrylamide-functionalized PICs results from covalent interactions between the 
PIC and PAAM networks, and is not simply caused by variations in the PIC polymers such as a different 
polymer length or a change in hydrophilicity of the polymers due to the azide groups attached. 
 
 
Figure 8.6. (a) The formation of PIC-PAAM double-network hydrogels with acrylamide-functionalized PICs 
(open blue symbols), azide-functionalized PICs without acrylamide moieties attached (open red symbols) and 
unfunctionalized PICs (solid blue symbols). The PIC and AAM concentrations are 1 mg mL-1 and 36 mg mL-1 
respectively. (b) Differential modulus K′ as a function of stress for the same PIC-PAAM hydrogels. 
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Conjugated double-network hydrogels were prepared at three different AAM concentrations (21, 36 and 
57 mg mL-1), while keeping the concentration of the functionalized PICs constant at 1 mg mL-1 (Figure 
8.7). Even for the hydrogels with the lowest AAM concentration (purple symbols in Figure 8.7), the 
hydrogels with functionalized PICs are stiffer. Similar to what was observed in the previous chapter for 
the conjugated PIC-fibrin double-network hydrogels, the specific interactions between the two networks 
increase the crosslink density of the composite network, which leads to an increase in linear modulus 
by about a factor of two. Experimentally we observe that the hydrogels with PIC-AAM polymers show 
a sharp increase in G′ directly after thermal initiation of the acrylamide polymerization at t = 0 (open 
symbols in Figure 8.7a). This indicates that the AAM moieties attached to the PICs polymerize with the 
AAM molecules in solution directly after the thermal initiation, thereby increasing the crosslink density 
of the PIC network. 
Besides an increased linear modulus, the hydrogels with conjugated PIC-PAAM networks also show a 
nonlinear stiffening response (Figure 8.6b and 8.7b). In the high-stress regime, however, a decreased 
stiffening response is again observed for the double-network hydrogels with a higher linear modulus. 
The higher crosslink density for the double-network gels with functionalized PICs not only increases 
the linear modulus, but has an even larger effect on the critical stress. This again indicates that a larger 
network deformation is required to stretch the PIC bundles to the point that they start to stiffen up (γc 
increases), similar to the decreased stiffening response of double-network hydrogels with higher 
acrylamide concentrations. So by conjugating the PAAM network to the PICs, the effect of adding a 
flexible polymer network is amplified in both the linear and nonlinear regime. The conjugation increases 
the hydrogel stiffness, without further increasing the concentration of the components. 
 
 
Figure 8.7. (a) PIC-PAAM double-network hydrogels with acrylamide-functionalized PICs (open symbols) show 
a higher stiffness than hydrogels with unfunctionalized PICs (solid symbols, data from figure 8.3a), at three 
different acrylamide concentrations. (b) The hydrogels with covalently linked polymer networks show a higher 
linear modulus but a reduced strain stiffening response compared to the PIC-PAAM double-network hydrogels 
with only interpenetrating polymer networks. 
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8.2.3 PIC-PNIPAM double-network hydrogels 
Poly(N-isopropylacrylamide) or PNIPAM is a flexible polymer that, similar to PIC, shows LCST 
behaviour. Heating a solution of PNIPAM polymers beyond their LCST of 32 °C changes the 
conformation of the polymers from an extended coil to a globular structure.29 The polymers can be 
crosslinked through copolymerization with MBAA, the same crosslinker as for the PAAM networks, 
resulting in a chemically crosslinked network of flexible polymers, completely analogous to the PAAM 
networks but now thermoresponsive. Hydrogels based on a crosslinked PNIPAM network show 
extensive shrinking when heated beyond their LCST and high degrees of swelling when cooled below 
the LCST.35, 36 We synthesized double-network hydrogels similar to the PIC-PAAM hydrogels, by 
polymerizing a PNIPAM network below its LCST in the presence of a pre-formed PIC network, as 
shown schematically in Figure 8.8. Heating this hybrid gel is expected to change the structure of the 
PNIPAM network, but extensive shrinking is now prevented by the interpenetrating PIC network. The 
structural changes of the PNIPAM network can now trigger a stiffening response, by locally deforming 
the PIC network. In this way, the stress-induced stiffening response is transformed into a thermal cue. 
 
 
Figure 8.8. Schematic overview of the structure of PIC-PNIPAM double-network hydrogels. The flexible 
PNIPAM network (shown in pink) is formed in the presence of the pre-formed semi-flexible PIC network (shown 
in red), resulting in two interpenetrating networks. Heating this double-network gel beyond the LCST of PNIPAM 
(T ≈ 32 °C) leads to shrinking of the PNIPAM network, which locally deforms the interpenetrating PIC network. 
 
In contrast to the acrylamide polymerization which was performed with a thermal initiator at T = 50 °C, 
N-isopropylacrylamide (NIPAM) has to be polymerized at lower temperature, below the LCST of 
PNIPAM. The NIPAM polymerization was performed at T = 30 °C and was initiated by the addition of 
potassium persulfate and tetramethylethylenediamine (TEMED), the latter accelerates the rate of 
formation of free radicals from persulfate at this lower temperature. To form a PIC-PNIPAM double-
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network hydrogel, a cold solution of PIC was mixed with a solution of NIPAM and MBAA, keeping 
the monomer to crosslinker ratio constant at 0.5 mol%, after which potassium persulfate and TEMED 
were added to initiate the formation of the chemically crosslinked PNIPAM network. This mixture was 
transferred to the rheometer and heated to T = 30 °C instantly, and PIC-PNIPAM double-network 
hydrogels were obtained after incubation at T = 30 °C for at least 1 hour between the rheometer plates. 
After formation of both polymer networks, the thermoresponsive mechanical properties of the PIC-
PNIPAM hybrid hydrogels were measured by heating the samples to T = 37 °C, beyond the LCST of 
the PNIPAM network. Figure 8.9 shows G′ as function of temperature for the double-network hydrogels 
at two different PNIPAM concentrations (17 and 6 mg mL-1 or 0.15 and 0.05 M) compared to G′ of both 
single-network hydrogels upon heating. Single-component hydrogels of either PIC or PNIPAM show 
only a small increase in stiffness with temperature, resulting in very soft gels at T = 37 °C at these low 
polymer concentrations. At the lowest NIPAM concentration of 6 mg mL-1, the sample without PIC 
(pink dots) does not form a hydrogel but remains liquid with G′ close to zero, whereas at 17 mg mL-1, 
PNIPAM forms a very weak hydrogel with a modulus of only 2 Pa. The PIC-PNIPAM double-network 
gels, however show a much larger increase in G′ upon heating beyond the LCST of the PNIPAM 
network (T ≈ 33 °C), resulting in much stiffer gels at T = 37 °C. For the PIC-PNIPAM hydrogel with 17 
mg mL-1 NIPAM (Figure 8.9a), G′ is about 20 times higher than the moduli of the individual components 
added up. This 20-fold increase in stiffness occurs within just a few degrees Celsius. For the double-
network hydrogel with a lower NIPAM concentration of 6 mg mL-1 (Figure 8.9b), the increase in G′ 
with temperature is smaller but the final stiffness is still about 5 times higher compared to the single-
network hydrogels. So the double-network gels even show a thermal response at very low NIPAM 
concentrations, at which the PNIPAM network by itself is too weak to form a hydrogel at all. 
 
 
Figure 8.9. Thermoresponsive mechanical properties of PIC-PNIPAM double-network hydrogels. (a) Double-
network gels with 1 mg mL-1 PIC and 17 mg mL-1 NIPAM show a very large increase in stiffness at the LCST of 
NIPAM compared to the single-network hydrogels at the same polymer concentrations. (b) For double-network 
gels with 1 mg mL-1 PIC and 6 mg mL-1 NIPAM, the increase in G′ with temperature is smaller but still 
significantly larger than for both single-component hydrogels. 
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The strong thermal stiffening response of the double-network hydrogels originates from the strain 
stiffening of the PIC network. Upon heating the gels, the PNIPAM network contracts at its LCST and, 
thereby, deforms the interpenetrating PIC network. This internal deformation of the PIC network 
stretches the semi-flexible bundles, resulting in a strain stiffening response of the double-network 
hydrogel. The observed increase in stiffness of about 1 to 2 orders of magnitude at the LCST is similar 
to the increase in stiffness when an external stress is applied to a PIC hydrogel.27 The smaller increase 
in G′ for a lower NIPAM concentration indicates that a less dense PNIPAM network applies a smaller 
internal stress to the interpenetrating PIC network at its LCST. A similar strain stiffening response 
triggered by an internal stress has been observed for composite networks of actin filaments and myosin 
motors.37 In these hydrogels, the molecular motors also internally stiffen the network, by pulling on the 
semi-flexible actin filaments, resulting in an increase in stiffness up to two orders of magnitude. 
Since both the thermal response of the PNIPAM network and the strain stiffening response of the PIC 
network are reversible, one may expect that the thermal stiffening response of the double-network 
hydrogels is also fully reversible. To test this hypothesis, a sample with 1 mg mL-1 PIC and 6 mg mL-1 
of NIPAM was heated and cooled between T = 30 and 37 °C at a rate of 1 °C min-1 (Figure 8.10a). 
Although some hysteresis is observed upon cooling down, G′ decreases to a value that is close to the 
stiffness of the double-network hydrogel before heating. This reversibility is very similar to the 
reversible response of strain stiffening hydrogels to an externally applied shear stress.38 This heating and 
cooling cycle can be repeated multiple times on the same sample, as shown in Figure 8.10b. The double-
network hydrogel shows the same stiffening response upon heating beyond the LCST of PNIPAM, even 
after 10 cycles. Upon cooling however, G′ does not fully decrease to its original value which results in 
a slightly higher gel modulus at T = 30 °C after every cycle. 
 
 
Figure 8.10. Reversible stiffening and softening of PIC-PNIPAM double-network hydrogels. (a) Storage modulus 
as a function of temperature for a double-network hydrogel with 1 mg mL-1 PIC and 6 mg mL-1 NIPAM upon 
heating and cooling between T = 30 and 37 °C. (b) Multiple heating and cooling cycles for the same PIC-PNIPAM 
double-network gel, showing a small increase G′ after every cycle. 
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The higher gel stiffness after every temperature cycle indicates that the PIC network does not fully relax 
after cooling down below the LCST of the PNIPAM network. A fraction of the PIC fibers probably 
remain stretched after swelling of the PNIPAM network, which leads to a slightly higher G′ after each 
heating and cooling cycle. An alternative explanation could be that the shrinking and swelling of the 
PNIPAM network causes a structural change in the PIC network, such as extra entanglements between 
the PIC bundles which would lead to a higher crosslink density of the bundled network. 
Because both PIC and PNIPAM are thermoresponsive polymers, their double-network hydrogels are 
expected to show two thermal transitions. The PIC-PNIPAM gels are formed at T = 30 °C, which is in 
between the gelation temperature Tgel of PIC and the LCST of PNIPAM. Therefore, the temperature was 
first lowered to T = 5 °C, which leads to solvation of the PIC polymers. The modulus at T = 5 °C 
represents the stiffness of only the PNIPAM network. PIC-PNIPAM double-network samples with 17 
or 6 mg mL-1 NIPAM were subsequently heated to T = 37 °C to trigger the thermal response of both 
polymers (Figure 8.11). Indeed, two thermal transitions are observed which both lead to a large increase 
in G′ of the composite hydrogel. Heating beyond Tgel of PIC increases the hydrogel modulus by more 
than an order of magnitude due to the formation of the PIC network and further heating, beyond the 
LCST of PNIPAM, again strongly increases G′ as a result of strain stiffening response the PIC network. 
The sample with the lower NIPAM concentration is liquid at low temperatures with G′ close to 0 Pa 
(Figure 8.11b), but upon heating also two thermal transitions are observed. The modulus of both gels 
increases by about a factor 1000 within a small temperature range of only ~30 °C. This highlights that 
the PIC-PNIPAM double-network hydrogels are extremely responsive to temperature and that their 
stiffness can be controlled over a broad range, even at the very low polymer concentrations used in the 
examples discussed here. 
 
 
Figure 8.11. Double thermal transitions of PIC-PNIPAM double-network hydrogels with 1 mg mL-1 PIC and (a) 
17 mg mL-1 NIPAM or (b) 6 mg mL-1 NIPAM. Both at the gelation temperature of the PICs and at the LCST of 
PNIPAM, the double-network hydrogel modulus increases by more than an order of magnitude. The heating rate 
is 1.0 °C min-1 for both samples. 
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8.2.4 Conjugated PIC and PNIPAM networks 
By using the same acrylamide-functionalized PICs as described in section 8.2.2, we can also form 
double-network hydrogels with conjugated PIC and PNIPAM networks. The functionalized PIC 
polymers were again mixed with NIPAM, MBAA, potassium persulfate and TEMED and subsequently 
incubated at T = 30 °C for at least 1 hour between the rheometer plates. We tested the thermoresponsive 
properties of these hydrogels in the range of T = 5 to 37 °C (Figure 8.12). When heated from T = 30 to 
37 °C, the gels with covalently linked polymer networks show exactly the same stiffening response as 
PIC-PNIPAM hydrogels with unfunctionalized PICs. This indicates that both the thermal response of 
the PNIPAM network and the strain stiffening response of the PIC network are not affected by the 
covalent interactions between the two networks. At T = 30 °C the modulus of the composite hydrogel 
with functionalized PICs is slightly higher than for the unfunctionalized PICs, which is caused by an 
increased crosslink density of the composite network similar to the PIC-PAAM double-network gels. 
At lower temperatures below T = 30 °C, however, the response of the covalently linked networks is very 
different from the interpenetrating PIC-PNIPAM network. When cooled to T = 5 °C, the modulus of the 
composite gel with functionalized PICs only decreases by about a factor two and upon reheating, the 
first thermal transition at the gelation temperature of the PICs is not observed any longer (Figure 8.12). 
This means that the PIC network does not dissolve at low temperatures when it is covalently linked to a 
second polymer network. The PIC chains within a polymer bundle are probably linked to each other by 
short PNIPAM chains and do not only interact through reversible hydrophobic interactions anymore. 
Consequently, the polymer bundles and thereby the network cannot disassemble when the 
hydrophobicity of the polymers is decreased by cooling below Tgel. The decreasing hydrophobicity of 
the PICs does lead to a small decrease in G′ at lower temperatures. So by crosslinking the PICs with a 
second polymer network, the bundled network remains intact at low temperatures, but we keep the 
thermoresponsive behaviour at high temperature. 
 
 
Figure 8.12. Thermoresponsive mechanical properties of PIC-PNIPAM double-network hydrogels with 
conjugated polymer networks (red squares) or interpenetrating polymer networks (black dots). The heating rate is 
1 °C min-1 for both samples. 
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8.2.5 Quantification of the internal stress 
The magnitude of the stiffening response of the PIC-PNIPAM hydrogels at the LCST of 33 °C strongly 
depends on the NIPAM concentration. As shown in Figure 8.13a, a higher NIPAM concentration leads 
to a larger increase in gel stiffness upon heating. This indicates that a denser PNIPAM network can 
apply more stress to the interpenetrating PIC network, which results in an increased strain stiffening 
response. To quantify the internal stress generated by the PNIPAM network, we compare it to the 
external stress applied in a standard nonlinear rheology experiment. Therefore, we measured the 
differential modulus K′ = δσ/δγ as a function of the externally applied pre-stress σ for a PIC hydrogel at 
c = 1 mg mL-1 and T = 33 °C (Figure 8.13b), the temperature at which the PIC-PNIPAM hydrogels start 
to stiffen upon heating. 
 
 
Figure 8.13. Strain stiffening of PIC in response to internally and externally applied stress. (a) Increasing the 
NIPAM concentration of PIC-PNIPAM double-network hydrogels increases the magnitude of the thermally 
induced stiffening response of the composite gel. (b) Differential modulus K′ as a function of external pre-stress σ 
for a 1 mg mL-1 PIC hydrogel at T = 33 °C. The dotted lines correspond to the modulus of the PIC-PNIPAM 
double-network gels at T = 37 °C and the pre-stress σ required to reach this stiffness for the PIC hydrogel. (c) The 
internal stress generated by the PNIPAM network upon heating increases linearly with NIPAM concentration. (d) 
K′ as a function of external pre-stress σ for PIC-PNIPAM hydrogels at T = 37 °C. The internal stress generated by 
the NIPAM network not only increases the linear modulus but also the critical stress of the composite hydrogels. 
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As discussed extensively in the previous chapters, K′ of the PIC hydrogels shows a linear regime at low 
stresses where K′ is constant and a nonlinear regime at higher stresses where K′ ∝ σm. In the linear 
regime, K′ is similar to the modulus of the PIC-PNIPAM hydrogels at T = 30 °C, below the LCST of 
PNIPAM. In the nonlinear regime at higher stresses, K′ increases to values that are similar to the moduli 
of the stiffened PIC-PNIPAM hydrogels at T = 37 °C. By directly comparing the modulus of the PIC 
hydrogels stiffened by internal stress generated by the PNIPAM network and by an external pre-stress, 
we can estimate the amount of stress generated by the contraction of the PNIPAM network at its LCST. 
As shown by the dotted lines in Figure 8.13b, the internal stress generated by the PNIPAM network 
increases with NIPAM concentration, from about σ = 5 Pa at low concentration to σ = 55 Pa at the 
highest NIPAM concentrations investigated. It is found that the internal stress that stiffens the PIC 
network scales linearly with the NIPAM concentration (Figure 8.13c). So by varying the density of the 
PNIPAM networks in these double-network hydrogels, we can control the degree of strain stiffening of 
the PIC network. 
From the estimated stress σ generated by the PNIPAM network, we can calculate the average force F 
on the PIC fibers resulting from the thermal response of PNIPAM as: 
 
     
ρ
σ
=F       (8.1) 
 
where ρ is the PIC bundle density in length per volume, which is defined as: 
 
     
N
c
M
Nl AM=ρ       (8.2) 
 
in which lM is the length per monomer unit projected along the polymer backbone (lM = 0.25 nm)26, NA 
is Avogadro’s number, M is the molecular weight of the isocyanide monomer (M = 0.316 kg mol-1), c 
is the PIC concentration in the double-network hydrogel (c = 1 kg m-3) and N is the average number of 
polymer chains per polymer bundle (N = 7.3, as determined by small angle X-ray scattering 
measurements).30 Using these values and equations 8.1 and 8.2, the average force per PIC fiber at the 
highest NIPAM concentrations investigated (σ = 55 Pa) was calculated as F = 0.8 pN. This force is about 
an order of magnitude smaller for the double-network gels with the lowest NIPAM concentration. The 
magnitude of this force is very similar to the force generated by myosin motors pulling on actin filaments 
in reconstituted crosslinked F-actin networks, where F ≈ 1 pN.37 This again highlights that the strain 
stiffening response of the PICs mimics the nonlinear mechanics of biopolymer networks in nearly all 
aspects, even when the stiffening response is triggered by an internally generated stress. 
To test how a PIC network already stiffened by an internal stress responds to an additional external 
stress, nonlinear rheology measurements were performed on PIC-PNIPAM hydrogels at T = 37 °C, 
above the LCST of the PNIPAM network (Figure 8.13d). From these measurements, it is observed that 
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the hydrogels again begin to stiffen, but at a much larger σc than the single-component PIC hydrogels. 
In other words, the internal stress generated by the PNIPAM network not only increases the modulus 
but also the critical stress of the hydrogels. A similar effect has previously been found for crosslinked 
F-actin networks stiffened by internal stress generated by myosin motors, which also show an increased 
σc.37 For the PIC-PNIPAM double-network hydrogels, σc shows a similar increase as the linear modulus 
in response to the internally generated stress (Figure 8.13d). This means that the internal stress does not 
make the double-network hydrogels more sensitive towards an externally applied stress. The external 
stress is applied along one specific direction, whereas the internal stress generated by the PNIPAM 
network is applied to the PIC network isotropically. The similar stiffening response at very large external 
stresses for the PIC and PIC-PNIPAM hydrogels does indicate that the effect of internal stress is 
equivalent to the effect of an external shear stress. 
 
8.3 Conclusions 
From the results presented in this chapter it is clear that the mechanics of semi-flexible polymer 
hydrogels are greatly affected by combining them with a network of much more flexible polymer chains. 
Although hydrogels from flexible polymer networks only show linear elasticity, the double-network 
hydrogels all show a strain stiffening response, even when the concentration of the flexible polymers 
exceeds the semi-flexible component many times. 
Combining the semi-flexible PICs with a network of flexible polyacrylamide provides several different 
approaches to reinforce the PIC hydrogel by increasing its linear modulus. Stiffer hydrogels can be 
obtained by increasing the acrylamide concentration, increasing the crosslink density of the flexible 
polymer network or creating extra network crosslinks by introducing covalent interactions between the 
two networks. For all these approaches, however, the density of the resulting double-network is 
increased either by increasing the polymer concentration or the crosslink density, which can be an 
undesirable side-effect, especially for biomedical applications of hydrogels. Furthermore, for all three 
approaches the higher linear modulus also decreases the strain stiffening response of the double-network 
hydrogels because the gels become less sensitive to externally applied stresses. 
A different approach is to combine the semi-flexible network with a second polymer network that 
consists of responsive polymer chains such as poly(N-isopropylacrylamide). The thermal response of 
this polymer network can be used to apply an internal stress to the semi-flexible PIC network, thereby 
triggering its nonlinear stiffening response. The magnitude of the applied stress and the resulting 
stiffening response can be controlled by varying the concentration of the responsive flexible polymer 
chains. In this case, a much lower concentration of flexible polymers is sufficient to increase the 
hydrogel stiffness up to 100 times. Another important advantage of this approach is that the increase in 
stiffness is fully reversible. For the PIC-PAAM double network gels, the increase in gel stiffness after 
the formation of the second polymer network is irreversible. In contrast, for the PIC-PNIPAM gels the 
stiffening response can be switched “on and off” by only a small change in temperature, which can be 
repeated many times without decreasing the gel strength. By combining the PICs with a different 
responsive polymer network, also other stimuli could be used to trigger the stiffening response. 
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Also in nature, the mechanics of biopolymer materials are controlled by combinations of flexible and 
semi-flexible polymers that interact with each other, both through specific crosslinking and through non-
specific steric interactions.8 In the extracellular matrix for example, semi-flexible collagen and fibrin 
fibers coexist with flexible elastin fibers, which provide mechanical integrity to tissues and helps them 
to maintain their shape upon deformations. In a similar way, we can improve the mechanical strength of 
the PIC hydrogels by adding flexible polymer chains which interact specifically or non-specifically with 
the semi-flexible PIC bundles. Using this flexible polymer network to generate an internal stress allows 
us to control hydrogel mechanics in a way that is similar to the mechanical control exerted by cells, 
which operate in a nonlinear stiffening regime through stresses generated by cytoskeletal motor 
proteins.37 Combining multiple polymers that are directly responsive to different stimuli into active 
hydrogels, which can adjust their stiffness internally, will be a next step in synthetically mimicking the 
complex responsive mechanical behaviour of cells. 
 
8.4 Experimental Section 
 
8.4.1 Sample preparation 
Acrylamide, N-isopropylacrylamide N,N′-methylenebisacrylamide and potassium persulfate were 
purchased from Sigma Aldrich. The synthesis of the unfunctionalized27, 39 and azide-functionalized33, 34 
PICs were performed following earlier reported procedures. The degree of azide functionalization was 
2.0%. The average contour length of the polymers was characterized by viscometry measurements as 
described in Chapter 2, yielding an average viscosity molecular weight of 376 kg mol‒1 for the 
unfunctionalized PIC and 446 kg mol-1 for the azide-functionalized PIC. Prior to experiments, the 
polymers were dissolved in a concentration of 4 mg mL-1 in 18 MΩ cm purified water by stirring in a 
cold room at T = 4 ˚C for at least 24 hours. 
To form a PIC-PAAM composite hydrogel, a PIC solution was mixed on ice with an acrylamide solution 
(4.0 M) and a N,N′-methylenebisacrylamide solution (0.1 M) in 18 MΩ cm purified water. To this 
mixture, potassium persulfate was added at a final concentration of 10 mM. Heating this mixture to T = 
50 °C in the rheometer leads to instantaneous formation of the PIC network and initiation of the 
acrylamide polymerization. PIC-PAAM double-network hydrogels were obtained after at least 2 hours 
of incubation at T = 50 °C. 
To form a PIC-PNIPAM composite hydrogel, the PIC solution was mixed on ice with a N-
isopropylacrylamide solution (2.0 M) and a N,N′-methylenebisacrylamide solution (0.1 M) in 18 MΩ 
cm purified water. To this mixture, potassium persulfate was added at a final concentration of 10 mM 
and 1 µL of tetramethylethylenediamine (TEMED) was added to initiate the N-isopropylacrylamide 
polymerization. The mixture was transferred to the rheometer and heated to T = 30 °C immediately after 
the addition of TEMED to form the PIC network. PIC-PNIPAM double-network hydrogels were 
obtained after at least 1 hour of incubation at T = 30 °C. 
For the conjugated double-network hydrogels, 1 mL of the azide-functionalized PIC solution was mixed 
with 26 µL of a solution of DBCO-acrylamide (compound 2 in Scheme 8.1, 1.7 mg mL-1 in DMSO) on 
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ice, and the combined solution was equilibrated for 5 minutes. To form covalently linked PIC-PAAM 
networks, this solution was mixed with solutions of acrylamide, MBAA and potassium persulfate in 18 
MΩ cm purified water. Heating this mixture to T = 50 °C in the rheometer leads to formation of the 
functionalized PIC network and initiation of the acrylamide polymerization, resulting in covalently 
linked PIC and PAAM networks. For the covalently linked PIC-PNIPAM networks, the functionalized 
PIC solution was mixed with solutions of NIPAM, MBAA and potassium persulfate in 18 MΩ cm 
purified water, after which 1 µL of TEMED was added to initiate the NIPAM polymerization. The 
mixture was transferred to the rheometer and heated to T = 30 °C immediately after the addition of 
TEMED and hydrogels with covalently PIC and PNIPAM networks were obtained after at least 1 hour 
of incubation at T = 30 °C. 
 
8.4.2 Rheology 
Rheological measurements were performed on a stress-controlled rheometer (Discovery HR-1 or HR-
2, TA Instruments) using an aluminium or steel parallel plate geometry with a plate diameter of 40 mm 
and a gap of 500 µm. All samples were loaded into the rheometer in the liquid state at T = 5 ˚C. PIC-
PAAM samples were heated to T = 50 °C immediately after loading the sample and the complex 
modulus G* was measured in oscillation with γ = 0.01 and ω = 1.0 Hz for at least two hours, or until the 
storage modulus G′ reached a constant value. Drying of the samples was prevented by maintaining a 
humid atmosphere and covering the edge of the sample with silicon oil. 
The nonlinear regime was studied at T = 50 ˚C for the PIC-PAAM hydrogels, using a pre-stress 
protocol38 where the gel was subjected to a constant pre-stress σ = 0.1 - 1000 Pa with a small oscillatory 
stress δσ superposed at a frequency of ω = 10 - 0.1 Hz, to determine the differential modulus K′. The 
magnitude of the oscillatory stress was at least ten times smaller than the applied pre-stress and K′ was 
independent of frequency. 
PIC-PNIPAM samples were heated to T = 30 °C immediately after loading the sample and the complex 
modulus G* was measured in oscillation with γ = 0.01 and ω = 1.0 Hz for at least one hour, or until the 
storage modulus G′ reached a constant value. The samples were subsequently heated at a rate of 1 °C 
min-1 to T = 37 °C, to trigger the thermal response of the PNIPAM network, and cooled down at a rate 
of 1 °C min-1 to check the reversibility of the response. The nonlinear response to an external stress was 
studied at T = 37 ˚ C for the PIC-PNIPAM hydrogels, using the same pre-stress protocol with the external 
stress σ = 0.5 - 1000 Pa. 
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8.4.3 Synthesis of dibenzocyclooctyne-functionalized acrylamide 
 
 
Scheme 8.1. Synthesis of dibenzocyclooctyne-functionalized acrylamide. i) acryloyl chloride, triethylamine, THF, 
2 h, room temperature. 
 
The dibenzocyclooctyne-amine (DBCO-amine) compound 1 (Click Chemistry Tools, Scheme 8.1) (12 
mg, 0.044 mmol) was dissolved in dry THF (10 mL) and acryloyl chloride (13.4 µL, 0.13 mmol) and a 
drop of triethylamine were added to this solution. The reaction mixture was stirred for two hours at room 
temperature after which the mixture was poured into ice water (50 mL). The water mixture was extracted 
with dichloromethane (3x 50 mL), the combined organic layers were washed with a 0.1 M HCl solution, 
dried with MgSO4 and the solvent was evaporated in vacuo. The resulting product was purified by 
precipitation in n-hexane and vacuum dried to yield 4.4 mg (30%) of compound 2 as a yellow solid. 
1H-NMR (400 MHz, CDCl3, ppm) δ 7.67 (d, 1H, CHAr), 7.38 (m, 7H, CHAr), 6.28 (s, 1H, NH), 6.10 (m, 
1H, CO-CH-CH2), 5.92 (m, 1H, CO-CH-CH2), 5.53 (d, 1H, CO-CH-CH2), 5.16 (d, 1H, CHAr-CH2), 3.72 
(m, 1H, CHAr-CH2), 3.46 (m, 1H, CO-CH2-CH2), 3.29 (m, 1H, CO-CH2-CH2), 2.56 (m, 1H, CO-CH2-
CH2), 2.00 (m, 1H, CO-CH2-CH2) 13C NMR (101 MHz, CDCl3, ppm) δ 170.09, 164.43, 151.33, 148.35, 
132.38, 131.58, 129.53, 128.95, 128.25, 128.07, 127.73, 126.83, 124.92, 122.46, 121.44, 114.29, 
108.02, 54.86, 48.60, 35.04, 34.12. FT-IR (ATR, cm-1) 3308, 2925, 1658, 1448, 1400, 1230, 754. MS 
cal.: 330.4, obtained: 331.1. 
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9.1 Hydrogels based on helical polymers 
From the results discussed in the previous chapters of this thesis, it is clear that hydrogels based on 
ethylene glycol functionalized polyisocyanides (PICs) are a unique class of materials that in many 
aspects mimic gels based on natural biopolymers. This thesis focuses on the strain stiffening response 
and the bundled network architecture of the PIC hydrogels; properties that are generally not observed in 
hydrogels based on synthetic polymers, but are very common among biopolymer hydrogels. In this 
outlook, we discuss the unique aspects of PIC hydrogels, relate them to the properties of the single 
polymer chains and, subsequently, compare them to the properties of biopolymer materials. 
The remarkable mechanical and structural properties of the PIC hydrogels originate from the helical 
secondary structure of the individual polymers. This helical shape makes the single PIC chains much 
stiffer than simple linear polymer chains that form hydrogels, such as polyacrylamide or polyethylene 
glycol.1 The small angle X-ray scattering (SAXS) experiments on aqueous PIC solutions described in 
Chapter 4 show that a single PIC chain has a persistence length lp,0 of the order of 10 nm, much larger 
than the lp,0 of most synthetic polymers, which is at least an order of magnitude smaller. The high lp,0 of 
PIC is a direct result of the hydrogen bonds that form between the alanine moieties in the side chains of 
the polymer, which give the backbone of the polymer chains a very well-defined helical structure.2 Such 
well-defined helical architectures are also common among natural biopolymers such as collagen, actin 
and intermediate filaments. 
Besides generating a high persistence length, the stable helical structure of the PIC chains is probably 
also responsible for the most crucial step in the formation of the PIC hydrogels: the aggregation of the 
polymers into bundles. The SAXS measurements on PIC hydrogels described in Chapters 4 and 5 
revealed a relatively well-defined PIC bundle size, with a bundle cross-sectional radius RB of about 3 
nm, independent of polymer concentration, which corresponds to a bundle number N of approximately 
7 polymer chains in the cross-section of one PIC bundle. Such controlled bundle formation is common 
for hydrogels based on helical biopolymers. For actin filaments for example, it has been shown that the 
very well-defined bundle radius results from a mismatch between the helical structure of the individual 
actin filaments and the geometric packing constraints within the actin bundles.3 A similar mechanism is 
likely responsible for the bundling of the helical PICs upon heating. 
The transition from single polymer chains to bundles also leads to a significant increase in the 
persistence length. Hence, the helical secondary structure of the polymers affects the PIC mechanics in 
two ways: it makes that backbone of the single polymer chains is relatively stiff and it promotes the 
aggregation of the chains which makes the resulting bundles even stiffer. Through these two additional 
effects, persistence lengths of hundreds of nanometers are achieved, which is unique for fully synthetic 
polymers. Assuming that the persistence length of the PIC bundles lp,B increases quadratically with the 
bundle number N, we can use lp,0 and N obtained from SAXS experiments to estimate lp,B ≈ 500 nm. 
This value is in perfect agreement with the lp,B of 460 nm, previously calculated from the macroscopic 
rheological properties of PIC hydrogels.4 
For this calculation, and also in other parts of this thesis, we assume that the PIC hydrogels are in the 
tight bundle regime. In other words, it is assumed that the individual polymer chains within a bundle are 
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strongly interacting and behave effectively as a single fiber, which results in a square dependence of lp,B 
with N. This regime is in contrast to the loose bundle regime, which shows a linear increase in lp,B with 
N.4, 5 In this loose bundle regime, however, the bundling of polymer chains does not lead to an increase 
in the modulus of the resulting hydrogels, The rheoSAXS experiments described in Chapter 5 show no 
indication of structural changes within the polymer bundles at increased concentrations or upon 
deformation, as may be expected for loosely packed polymer chains. But more importantly, the fact that 
we can fully rationalize the mechanical properties of the PIC hydrogels described in this thesis with the 
assumption of tightly coupled polymer bundles is a strong indication that the material indeed is in the 
tight bundle regime. For many biopolymer hydrogels, however, this assumption is not always valid. 
Actin filaments for example, show a transition from the tight to the loose bundle regime with increasing 
N. Also the fibrin hydrogels discussed in Chapter 7 of this thesis are based on more loosely coupled 
bundles. The fibrin fibers that make up the network are composed of more than 100 individual 
protofibrils, which would make the fibers extremely stiff if the fibrils were tightly coupled. Since the 
fibrin fibers behave as semi-flexible filaments, the fibrils must be loosely coupled and the fibers contain 
large amounts of water, This different fiber architecture also accounts for the hierarchical macroscopic 
mechanical properties of fibrin hydrogels upon increasing deformation.6 
The tightly coupled bundle structure of the PIC hydrogels gives these gels some characteristic properties 
that are rarely observed in other synthetic hydrogels. Firstly, the PIC hydrogels show a strain stiffening 
response, whereas most hydrogels based on synthetic polymers only show simple linear elasticity up to 
the point that the material breaks. Due to similarities in the bundled network structures, the PIC 
hydrogels show a stiffening response in the same stress-range as most biopolymer hydrogels. Because 
of the synthetic nature of the PICs, however, the mechanical response of the hydrogels can be precisely 
manipulated, as described in detail in Chapters 2 and 3 of this thesis, by varying parameters that are 
challenging to tailor for most biopolymer materials. The polymer length for example, is an easily 
accessible parameter for the PIC polymers but is often difficult to control for biopolymers. By varying 
the polymer length, we can independently control the linear modulus G0 and critical stress σc of the PIC 
hydrogels. Such control of the hydrogel mechanics cannot be achieved by simply varying the polymer 
concentration, as is the common approach for biopolymer hydrogels. 
Because of the thermoresponsive nature of PIC, additional control over the hydrogel mechanics can be 
achieved by varying the temperature T. In the hydrogel phase at elevated temperatures, stiffening of the 
individual polymer chains with temperature results in an increase of the hydrogel stiffness with T. At 
lower temperatures where the material shows a transition from a polymer solution to a gel, however, the 
temperature can also be used to control the connectivity of the bundled polymer network, which is often 
difficult to achieve for most hydrogels but gives rise to surprising mechanical responsiveness.7 In this 
transition regime, small variations in temperature change the responsiveness of the PIC hydrogels to 
stress, quantified by the stiffening index m, which is often a materials constant for strain stiffening 
biopolymer hydrogels such as collagen or actin. As shown in Chapter 3, the thermal response of the PIC 
hydrogels can also be triggered by the addition of different salts, which gives these gels the additional 
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advantage that their mechanics can be controlled over a broad range while keeping both the polymer 
concentration and temperature constant. 
A second major advantage of the tightly bundled structure of the PIC hydrogels is that the polymer 
concentration required to obtain a hydrogel with good mechanical integrity is much lower than for most 
synthetic hydrogels. Throughout this thesis, most experiments have been performed at a polymer 
concentration of 1 mg mL-1, corresponding to hydrogels with a water content of 99.9%. Such low 
polymer concentrations result in polymer networks with a relatively large mesh size ξ of the order of 
100 nm for the PIC hydrogels. Although this mesh size is relatively small compared to most biopolymer 
gels, with pore sizes of the order of micrometers, it is much larger than the mesh size of other synthetic 
hydrogels based on unbundled polymer chains. Since the pore size of hydrogels is an important property 
for their biomedical applications, for example for efficient nutrient transport and allowing cells to spread 
and proliferate within a hydrogel matrix, the bundled architecture and resulting large network pore size 
make the PIC hydrogels very suitable for such applications compared to other hydrogels based on 
synthetic polymers.8 
The PIC hydrogels show mechanical and structural properties that have never been observed in synthetic 
hydrogels. The similarities with bio-inspired gels based on cytoskeletal intermediate filaments (IFs) or 
cellulose derivatives, however are striking. Similar to the single PIC chains, the protein building blocks 
of IF networks are helical. Because of their helical structure, these proteins aggregate into bundles with 
a well-defined cross-sectional radius of RB ≈ 5 nm9 (very similar to RB ≈ 3 nm found for PIC) and lp,B in 
the range of 200 nm to 1 µm (with lp,B ≈ 500 nm for PIC). As a result of this similar microstructure, IF 
hydrogels show a strain stiffening response at critical stress and strain values comparable to PIC gels. 
In the high-stress regime, IF hydrogels also show an entropic stiffening response with m = 3/2, identical 
to the response of PIC hydrogels at elevated temperatures. So the PICs mimic these cytoskeletal 
biopolymers in all their characteristic mechanical and structural properties. 
Another class of hydrogels that shows many similarities with PICs are gels based on methylcellulose 
(MC), briefly discussed in Chapter 1. This polysaccharide also shows LCST behaviour and reversibly 
forms a hydrogel upon heating beyond its gelation temperature, which depends on the degree of 
substitution of the hydroxyl groups within the polymers. Similar to PICs, the gelation of MC solutions 
results from the aggregation of the polymer chains into bundles with a well-defined radius (RB ≈ 7 nm 
for MC).10 Due to this bundled architecture, MC hydrogels also show an entropic strain stiffening 
response in the same stress-range as PIC hydrogels.11 The driving force for the aggregation of MC 
polymers into bundles is not completely clear, but the well-defined RB strongly suggests that the 
individual MC chains also possess a helical secondary structure. For these polymers, however, the 
helical conformation may be partially disrupted due to the random distribution of methoxy groups along 
the polymer chain, but on the macroscopic level this random substitution may have limited impact on 
the hydrogel mechanics. 
Since helical structures are omnipresent in both chemistry and biology,12 hydrogels with similar material 
properties as the PIC-based gels could probably also be constructed from other helical molecules. For 
example, helical backbones based on polyacetylenes, polyacrylates or polycarbodiimides could be 
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functionalized with short ethylene glycol side chains to yield water-soluble helical polymers that show 
thermoresponsive aggregation into polymer bundles. Alternatively, helical biomolecules such as DNA 
and RNA could be used as a helical backbone for bundle-forming polymers, although for these 
negatively charged biomolecules the electrostatic repulsion between the chains needs to be overcome. 
This may eventually lead to a new class of semi-flexible hydrogels, for which the macroscopic 
mechanical properties depend on the secondary helical structure of the individual polymer chains. 
 
9.2 Composite hydrogel materials 
Although PIC hydrogels are an excellent mimic of in vitro reconstituted biopolymer gels, the mechanical 
and structural properties of in vivo biopolymer networks are much more complicated due to the 
composite nature of these networks. As discussed in the second part of this thesis, the natural 
cytoskeleton and extracellular matrix are composed of multiple biopolymer components which interact 
both physically and chemically. The mechanics of such composite materials are far too complex to 
mimic with a synthetic hydrogel based on only a single component. As a next step towards an artificial 
hydrogel that resembles these biological materials more realistically, we combined PIC with a second 
polymeric component to form hybrid hydrogels, as described in Chapters 6, 7 and 8. 
Again it is observed that the persistence length of the individual polymer components has a large effect 
on the macroscopic mechanics of the resulting hydrogels. Stiff rod-like fibres with a high lp,0 promote 
the strain stiffening response of the semi-flexible PIC hydrogel, whereas adding flexible polymers with 
a very low lp,0 that do not stiffen under stress, reduce this stiffening response. The combination of 
multiple semi-flexible polymer networks into one hybrid hydrogel material is especially interesting, 
because here, the nonlinear mechanical properties of the resulting material sensitively depend on the 
ratio between the semi-flexible components. Since most biopolymer components of the cytoskeleton 
and extracellular matrix are in the semi-flexible regime, more synthetic semi-flexible polymers with 
varying persistence lengths are required to generate truly synthetic biomimetic composites. Ultimately, 
the combination of polymers with different mechanical properties into hybrid hydrogels will help the 
design of a next generation of responsive materials, which could, for example, be used as tuneable 
artificial extracellular matrices for tissue engineering applications. 
Besides the persistence length and the ratio between the polymeric components, the mechanics of hybrid 
hydrogels also strongly depend on the interactions between the different components. Introducing 
specific interactions between the different components opens up new possibilities to precisely control 
hydrogel mechanics. In natural biopolymer composites, the biopolymers not only interact through 
nonspecific steric interactions but also via specific crosslinking proteins, molecular motors and direct 
binding interactions.13 For the composite hydrogels with PIC discussed in the last chapters of this thesis, 
only steric and direct binding interactions between PIC and the other components have been studied. As 
a next step, it is interesting to also study the influence of different crosslinkers that can for example 
introduce reversible binding interactions between the gel components, such that the mechanics of the 
resulting hydrogels are dynamic and will also depend on the time-scale of the applied deformations. 
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Dynamic mechanical properties such as relaxation of applied stresses have not been discussed for the 
PIC hydrogels described in this thesis. For many supramolecular hydrogels, as well as for the natural 
extracellular matrix, the mechanical properties are not constant in time because stress in the sample 
relaxes over time. Recent work suggests that this relaxation behaviour is a key characteristic of cell-
ECM interactions and an important design parameter of biomaterials for cell culturing.14 For the PIC 
hydrogels, however, no significant stress relaxation is observed within the time scales of the rheology 
experiments described in this thesis (minutes). Probably, the PIC hydrogels will only show stress 
relaxation over much longer time scales of hours, which may be related to the tightly bundled structure 
of the PIC networks. It could be possible to include such dynamic mechanical properties in the PIC 
hydrogels, however, by introducing dynamic, non-covalent crosslinks between the polymers. This will 
present a new approach to control hydrogel mechanics in a dynamic way, such that the macroscopic 
material properties are not constant in time. 
In conclusion, the results described in this thesis show how the strain stiffening response of biomimetic 
PIC hydrogels can be precisely controlled and that this response originates from the bundled structure 
of these hydrogels. The synthetic nature of the polymer allows for excellent control of its molecular 
structure and for application-specific modifications at the polymer’s periphery with a wide range of 
functional groups. Typical applications of this special material will be in the biomedical field and 
potentially in other fields that will benefit from the responsiveness of the gel. 
As we found that the PIC-based hydrogels behave as nearly ideal strain stiffening materials, even in the 
critical regimes, the results described in this thesis have been used to corroborate standing theoretical 
work and simulations. Consequently, the results are readily extrapolated to other classes of strain 
stiffening hydrogels. More broadly, this work presents the important design parameters to realize these 
mechanical characteristics, which in the end will lead to next generations of bio-inspired highly 
responsive or ‘smart’ soft materials.  
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Summary 
 
Semi-flexible polymer networks are a major component of the human body, where they provide 
mechanical strength to cells and tissues. When subjected to external forces, such networks show a strong 
increase in stiffness, which protects them from large deformations that would result in breaking of the 
network. This responsive mechanical behaviour is known as strain stiffening and is common among 
natural biopolymer networks, but is rarely reproduced in networks of synthetic polymers. Hydrogels 
based on polyisocyanides (PICs) are one of the very few synthetic examples that show this strain 
stiffening behaviour. In this thesis, we showed how the strain stiffening response of PIC hydrogels can 
be precisely manipulated to mimic the response of gels based on natural polymers and we related the 
remarkable stiffening response of these hydrogels to the microstructure of the bundled PIC network. 
 
In Chapter 1, we reviewed two different approaches to control the mechanical properties of responsive 
hydrogels. The first approach is based on changes in the crosslinked polymer network structure in 
response to different stimuli such as cells, light or temperature, which can be used to increase or decrease 
the mechanical stiffness of hydrogels. The second approach is strain stiffening, which is fully reversible 
and does not require permanent changes in the polymer network structure, and we discuss the design 
parameters for preparing strain stiffening hydrogels. 
 
Chapter 2 of this thesis showed how the strain stiffening response of PIC hydrogels can be precisely 
controlled by varying three straightforward parameters: the polymer concentration, polymer length and 
temperature. The effects of these three parameters on the linear modulus G0, the critical stress σc and the 
stiffening index m of the PIC hydrogels are investigated. It is found that the linear modulus and critical 
stress can be controlled independently by tuning both the polymer concentration and length, but in the 
high-stress regime all hydrogels behave the same. Furthermore it is shown that the temperature can be 
used to control the connectivity of the PIC network. We use this to bring the materials into a critical 
regime, in between the liquid phase and the hydrogel phase, where the materials are ultra-responsive to 
very small stresses. 
 
A less straightforward approach to control the strain stiffening response of the PIC hydrogels is 
introduced in Chapter 3. Here, we add different salts to PIC so that the mechanics of the resulting 
hydrogels can be tuned by the Hofmeister effect. This effect has been known to alter the solubility of 
proteins for a long time, but we show for the first time that it can also be used to systematically control 
the mechanical properties of hydrogels. The nature of the anions added has a large effect on the 
thermoresponsive properties of PIC, where kosmotropic anions lower the gelation temperature of a PIC 
solution and chaotropic anions raise this gelation temperature. As a result, the stiffness of hydrogels 
with kosmotropic ions added is orders of magnitude higher than for hydrogels with chaotropic anions 
added, at the same polymer concentration and temperature. We show that both the linear and nonlinear 
mechanics of the hydrogels can be controlled very predictively by varying the nature and the 
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concentration of the added anions and we relate this to three types of interactions between the polymers 
and the anions. 
 
In Chapter 4, we focus on the bundled network architecture of the PIC hydrogels, which gives these 
gels their strain stiffening properties. We show that small angle X-ray scattering (SAXS) can be used to 
quantify both the bundle size and the network mesh size of the PIC hydrogels. It is found that at a very 
well-defined temperature, the PIC polymers aggregate into bundles with a radius independent of 
polymer concentration. This controlled bundle size is probably related to the helical structure of the 
individual polymer chains. By varying the polymer length, however, we show that both the PIC bundle 
size and the network mesh size can be altered. Shorter PIC polymers show a second bundling process, 
resulting in networks composed of larger polymer bundles and with a larger mesh size. The different 
bundling process for shorter polymers if further supported by DSC and temperature-dependent rheology 
experiments, which reveal a second thermal transition for these polymers. 
 
To study the structure of the PIC networks upon deformation, we combine SAXS with a rheometer into 
a rheoSAXS setup in Chapter 5. This custom made setup allows us to simultaneously measure the 
mechanical and structural properties of the PIC hydrogels as a function of the applied stress. Although 
interpretation of the scattering data is challenging because our theoretical model cannot be applied to 
describe the changes in the SAXS data with stress, it is clear that the largest structural changes in the 
PIC network occur at small stresses, in the linear mechanical regime. At the critical stress of the PIC 
hydrogels we not only observe the transition from a regime with constant stiffness to a strain stiffening 
regime, but also from a regime where an applied stress leads to large structural changes in the polymer 
network to a regime where the PIC network structure hardly changes with stress. These observations are 
in agreement with an entropic mechanism for strain stiffening, where the strain stiffening response 
results from the nonlinear force-extension behaviour of the semi-flexible PIC bundles. The results 
presented in this chapter show that rheoSAXS can be used to experimentally verify the molecular 
mechanisms for strain stiffening. 
 
The mechanical properties of natural biopolymer networks such as the cytoskeleton or extracellular 
matrix are not determined by a single components. Instead, the networks are composed of multiple 
biopolymer components that individually show very different mechanical responses. To study the 
influence of the composite nature of such networks on their mechanical properties, we combined a semi-
flexible PIC network with stiff carbon nanotubes into hybrid hydrogels in Chapter 6. Because of their 
relatively large size, the carbon nanotubes get mechanically interlocked in the PIC network upon 
gelation. We show that the carbon nanotubes have no significant effect on the linear modulus of the 
composite hydrogels, but that they do alter the strain stiffening response. The carbon nanotubes lower 
the critical stress of the PIC hydrogels, making them more sensitive towards applied stresses, by 
suppressing nonaffine deformations of the PIC network. We show that the sensitivity of the composite 
hydrogels can be controlled by varying the nanotube concentration and the type of carbon nanotubes 
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added. The results indicate that the strain stiffening response of composite hydrogels can be more 
pronounced than the response of the individual components. 
 
In Chapter 7, the semi-flexible PIC network is combined with a second semi-flexible network based on 
fibrin fibers to form double-network hydrogels. We form hydrogels based on interpenetrating PIC and 
fibrin networks without specific interactions, as well as hydrogels in which the two semi-flexible 
networks are conjugated by functionalizing the PIC polymers with specific peptides. For the hydrogels 
based on interpenetrating networks, the linear modulus is simply the sum of the individual components 
but the strain stiffening response strongly depends on the composition of the double-network hydrogel 
because both networks are deformed independently upon applying stress. For the conjugated double-
networks, however, we find a higher linear modulus due to the presence of extra network crosslinks and 
the strain stiffening response is independent of the gel composition because the response is dominated 
by one of the components. Furthermore, cell spreading experiments on single- and double-network fibrin 
hydrogels show that not only the macroscopic hydrogel properties but also microscopic properties of 
the individual fibers play an important role in determining cell behaviour. 
 
Chapter 8 of this thesis discusses double-network hydrogels composed of a semi-flexible and a flexible 
polymer network. We combined a PIC network with a chemically crosslinked network based on flexible 
polyacrylamide (PAAM) or poly(N-isopropylacrylamide) (PNIPAM) chains. For the double-network 
hydrogels with PAAM we find that the flexible polymer network can be used to greatly increase the 
linear stiffness of the PIC hydrogels, but also reduces the strain stiffening response of the PIC network. 
The mechanics of the PIC-PAAM double-network hydrogels can be controlled by varying the 
concentration or crosslink density of the flexible network, or by introducing covalent binding 
interactions between the two networks. For the double-network gels with PNIPAM, we show that the 
thermal response of the PNIPAM network can be used to generate an internal stress in the hydrogel, 
which strain stiffens the interpenetrating PIC network. In this way, the stiffness of these hydrogels can 
be increased by more than an order magnitude within a very narrow temperature range. This hydrogel 
composed of two responsive polymer networks more closely resembles natural biopolymer networks, 
which also stiffen in response to internally generated stresses. 
 
Finally, in Chapter 9, the unique aspects of the PIC hydrogels are discussed, related to the properties 
of the individual polymers and compared to materials based on natural biopolymers. 
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Samenvatting 
 
Netwerken van semi-flexibele polymeren zijn een belangrijk onderdeel van het menselijk lichaam, waar 
deze netwerken mechanische stevigheid geven aan cellen en weefsels. Wanneer er van buitenaf een 
kracht op zulke netwerken wordt gezet, neemt hun stijfheid sterk toe en dit beschermt deze netwerken 
tegen grote vervormingen die ertoe zouden kunnen leiden dat ze breken. Dit responsieve mechanische 
gedrag staat bekend als vervormingsverstijving en is een veel voorkomende eigenschap bij netwerken 
van natuurlijke biopolymeren, maar is zeldzaam onder netwerken van synthetische polymeren. 
Hydrogels gebaseerd op polyisocyanides (PICs) zijn een van deze zeldzame synthetische voorbeelden 
die zulke vervormingsverstijving vertonen. In dit proefschrift hebben we laten zien hoe de 
verstijvingsreactie van PIC hydrogels nauwkeurig aangepast kan worden zodat de reactie van gels 
gebaseerd op natuurlijke polymeren nagebootst kan worden. Bovendien relateerden we de opvallende 
verstijvingsreactie van deze gels aan de microscopische structuur van het gebundelde PIC netwerk. 
 
In Hoofdstuk 1 hebben we een overzicht gegeven van twee verschillende methodes om de mechanische 
eigenschappen van responsieve hydrogels aan te passen. De eerste methode is gebaseerd op 
veranderingen in de structuur van het netwerk van polymeren onder invloed van verschillende stimuli 
zoals cellen, licht of temperatuur, die gebruikt kunnen worden om de mechanische stijfheid van 
hydrogels toe en af te laten nemen. De tweede methode is vervormingsverstijving, wat volledig 
reversibel is en niet tot permanente veranderingen in de structuuur van het netwerk leidt, en we 
bespreken de parameters die belangrijk zijn voor het ontwerpen van hydrogels die verstijven wanneer 
ze vervormd worden. 
 
Hoofdstuk 2 van dit proefschrift laat zien hoe de verstijvingsreactie van PIC hydrogels nauwkeurig 
gecontroleerd kan worden door drie eenvoudige parameters te variëren: de polymeer concentratie, de 
polymeer lengte en de temperatuur. De effecten van deze drie parameters op de lineaire modulus G0, de 
kritische stress σc en de verstijvings index m van de PIC hydrogels worden onderzocht. Het blijkt dat de 
lineaire modulus en de kritische stress onafhankelijk van elkaar aangepast kunnen worden door de 
polymeer concentratie en lengte te variëren, maar wanneer een grote kracht op de hydrogels uitgeoefend 
wordt, gedragen ze zich allemaal hetzelfde. Ook blijkt dat variaties in de temperatuur gebruikt kunnen 
worden om de connectiviteit van het PIC netwerk te veranderen. We gebruiken dit om de materialen in 
een kritisch regime te brengen, tussen de vloeibare toestand en de hydrogel toestand in, waarin de 
materialen ultra-gevoelig zijn voor hele kleine krachten. 
 
Een andere manier om de verstijvingsreactie van de PIC hydrogels aan te passen wordt geintroduceerd 
in Hoofdstuk 3. We voegen verschillende zouten toe aan de PIC hydrogels, zodat de mechanische 
eigenschappen van de gels veranderen door het Hofmeister effect. Van dit effect is al een lange tijd 
bekend dat het de oplosbaarheid van eiwitten verandert, maar wij laten voor de eerste keer zien dat het 
effect ook gebruikt kan worden om systematisch de mechanische eigenschappen van hydrogels aan te 
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passen. De toegevoegde anionen hebben een grote invloed op de temperatuursafhankelijke 
eigenschappen van PIC: kosmotrope anionen verlagen de gelatie-temperatuur van een PIC oplossing 
terwijl chaotrope anionen deze gelatie-temperatuur verhogen. Hierdoor is de stijfheid van hydrogels met 
kosmotrope anionen toegevoegd vele malen hoger dan de stijfheid van hydrogels met chaotrope anionen 
toegevoegd. We laten zien dat de lineaire en nonlineaire mechanische eigenschappen van de hydrogels 
op een voorspelbare manier gecontroleerd kunnen worden door verschillende soorten en concentraties 
zout toe te voegen en we relateren deze observatie aan drie verschillende interacties tussen de polymeren 
en de toegevoegde anionen. 
 
In Hoofdstuk 4 focussen we ons op de gebundelde netwerk structuur van de PIC hydrogels, die de basis 
vormt voor de verstijvingsreactie van deze gels. We laten zien dat experimenten waarbij X-ray 
verstrooiing bij kleine hoeken (SAXS) gemeten wordt, gebruikt kunnen worden om de dikte van de 
bundels en de porie-grootte van het PIC netwerk te kwantificeren. Het blijkt dat de PIC polymeren bij 
een zeer goed gedefinieerde temperatuur aggregeren tot bundels, waarbij de dikte van deze bundels 
onafhankelijk is van de polymeer concentratie. Deze goed gecontroleerde bundeldikte wordt 
waarschijnlijk veroorzaakt door de spiraalvormige structuur van de polymeer ketens. Door de lengte van 
deze ketens te variëren, laten we zien dat de bundeldikte en de poriegrootte van het netwerk aangepast 
kunnen worden. Kortere polymeren ondergaan namelijk een tweede aggregatie stap, wat leidt tot 
netwerken met grotere bundeldiktes en grotere poriën. Dat kortere polymeren op een andere manier 
aggregeren wordt verder verduidelijkt met behulp van DSC en rheologie metingen, die beiden een 
tweede thermische overgang laten zien voor deze kortere polymeren. 
 
Om de structuur van mechanisch vervormde PIC netwerken te bestuderen, combineren we X-ray 
verstrooiing met een rheometer tot een rheoSAXS opstelling in Hoofdstuk 5. Met deze opstelling 
kunnen we zowel de mechanische eigenschappen als de structuur van de PIC hydrogels meten, terwijl 
we een steeds grotere kracht op de gels zetten. De interpretatie van de metingen is lastig omdat ons 
theoretische model de veranderingen in de SAXS data niet kan verklaren. Het is echter duidelijk dat de 
grootste veranderingen in de structuur van het PIC netwerk bij kleine kracht plaats vinden, in het lineaire 
regime. Wanneer de kritische stress van de gel bereikt wordt, is er niet alleen een overgang van een 
regime met constante stijfheid naar een regime waar de gel stijver wordt, maar ook van een regime 
waarin de structuur van het netwerk sterk verandert naar een regime waarin de structuur nauwelijks nog 
verandert bij toenemende kracht. Deze observaties komen goed overeen met een entropisch mechanisme 
voor vervormingsverstijving, waarbij de verstijving van de gel veroorzaakt wordt door een steeds 
grotere kracht die nodig is om de PIC bundels uit te rekken. De resultaten in dit hoofdstuk maken 
duidelijk dat onze rheoSAXS opstelling gebruikt kan worden om de mechanismes voor 
vervormingsverstijving op een experimentele manier te testen. 
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De mechanische eigenschappen van natuurlijke netwerken van biopolymeren zoals het cytoskelet of de 
extracellulaire matrix worden niet bepaald door een enkel polymeer. Deze netwerken bestaan uit 
meerdere soorten polymeren die individueel verschillende mechanische eigenschappen vertonen. Om 
de invloed van meerdere componenten op de mechanische eigenschappen van zulke netwerken te 
bestuderen, combineerden we het semi-flexiebele PIC netwerk met veel stijvere koolstof nanotubes tot 
zogenaamde hybride hydrogels in Hoofdstuk 6. Omdat deze nanotubes relatief groot zijn, komen ze 
vast te zitten in het PIC netwerk wanneer dit gevormd wordt. We laten zien dat de koolstof nanotubes 
geen effect hebben op de stijfheid van de hybride hydrogels, maar ze veranderen wel de 
verstijvingsreactie. De nanotubes verlagen de kritische stress van de PIC gels waardoor ze gevoeliger 
worden voor kracht die op de gel gezet wordt, doordat de vervorming van het netwerk meer homogeen 
wordt. We laten zien dat de gevoeligheid van de hybride gels aangepast kan worden door de hoeveelheid 
en het type nanotube te variëren. De resultaten in dit hoofdstuk impliceren dat de verstijvingsreactie van 
hybride hydrogels sterker kan zijn dan de reactie van de individuele gel componenten. 
 
In Hoofdstuk 7 vormen we dubbel-netwerk hydrogels door een semi-flexibel PIC netwerk te 
combineren met een tweede semi-flexibel netwerk van fibrine bundels. We vormen hydrogels waarin 
de twee netwerken geen interactie met elkaar hebben en hydrogels waarin de twee netwerken met elkaar 
verbonden zijn door peptides toe te voegen aan de PIC polymeren. Voor de gels waarbij de netwerken 
geen interactie met elkaar hebben, is de stijfheid simpelweg de som van de individuele componenten. 
De verstijvinsreactie is echter een combinatie van beide netwerken en is afhankelijk van de relatieve 
hoeveelheden van beide polymeren, doordat beide netwerken onafhankelijk van elkaar vervormd 
worden. De gels waarin de netwerken met elkaar verbonden zijn hebben een hogere stijfheid omdat er 
extra crosslinkers in het netwerk zitten en de verstijvingsreactie wordt gedomineerd door één van de 
twee componenten. Bovendien testen we hoe cellen zich verspreiden op gels met enkele of dubbele 
netwerken van polymeren. Hieruit blijkt dat niet alleen de stijfheid van de gel maar ook de 
eigenschappen van de individuele bundels van polymeren een belangrijke rol spelen in het bepalen van 
het gedrag van deze cellen. 
 
Hoofdstuk 8 van dit proefschrift beschrijft dubbel-netwerk hydrogels gebaseerd op één semi-flexibel 
en één flexibel netwerk van polymeren. We combineren een PIC netwerk met een netwerk gebaseerd 
op flexibele polyacrylamide (PAAM) of poly(N-isopropylacrylamide) (PNIPAM) ketens. Voor de 
dubbel-netwerk hydrogels met PAAM vinden we dat het flexibele netwerk gebruikt kan worden om de 
stijfheid van de PIC hydrogels sterk te verhogen, maar het flexibele netwerk vermindert ook de 
verstijvingsreactie van het PIC netwerk. De mechanische eigenschappen van deze dubbel-netwerk 
hydrogels kunnen aangepast worden door de concentratie of de hoeveelheid crosslinkers van het 
flexibele netwerk te variëren, of door covalente bindingen tussen de twee netwerken te vormen. Voor 
de dubbel-netwerk hydrogels met PNIPAM laten we zien dat de reactie van het PNIPAM netwerk op 
een verandering in temperatuur gebruikt kan worden om een interne kracht in de hydrogel te genereren, 
waardoor het PIC netwerk verstijfd. Op deze manier kan de stijfheid van de dubbel-netwerk hydrogels 
179 
 
meer dan tien keer vergroot worden door middel vcan een zeer kleine verandering in temperatuur. Deze 
hydrogel gemaakt van twee reactieve netwerken van polymeren lijkt sterk op biologische netwerken van 
polymeren, die ook sterk kunnen verstijven in reactie op een intern gegenereerde kracht. 
 
Ten slotte, in Hoofdstuk 9, worden de unieke eigenschappen van de PIC hydrogels besproken, 
gerelateerd aan de eigenschappen van de individuele polymeren en vergeleken met materialen gebaseerd 
op biologische polymeren die in de natuur voorkomen. 
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